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The  demand  for  higher  perforaanee  in  •torable  propellant  ajrateme  haa 
led  to  eerioua  eonaideraiion  of  pentaborane  ae  a  fuelt  Pentaborane  ia 
n  powerful  reducing  agent  whieh  afftra  high  parforauuiea  with  a  variety 
of  conventional  oxldiaera,  and  with  ooapounda  auoh  an  hydraiine,  which 
are  baaed  on  nitrogen#  The  uee  of  pentaboranoi  howaveri  poaea  eerioua 
handling  problena.  Ita  high  volatility  and  extreme  toxioity  make  it 
mandatory  that  reaidual  fuel  from  apilla  or  parta  expoaed  to  pentaborane 
be  deatroyed.  Aa  a  conaequence  of  ita  reducing  powers  pentaborane  ia 
highly  reactive  with  oxidiabra.  ttoder  a  vide  range  of  eonditiona,  it  ia 
epontaneouely  reactive  with  air  and  other  coanaon  oxidiaera.  Consequently, 
the  probability  of  fire  reaulting  from  a  pentaborane  leak  or  apill  ia 
very  high. 

A  great  hazard  often  ie  preeented  beeauae  ignition  ia  delayed  until 
large  amounte  of  propellant  have  aectnmlated;  a  aerioua  exploaion  can 
result.  This  possibility  is  especially  prevalent  where  vapor  or  dis¬ 
persed  droplets  from  a  higb-preaeure  leak  form  an  explosive  mixture 
with  air.  This  mixture  will  fr^ently  ignite  spontaneously  without 
recourse  to  an  external  ignition  source. 

The  simplest  and,  in  ssiny  cases,  the  best  means  of  handling  a  pentaborane 
spill  it*  Lw  (l)  provide  for  inediate  ignition  to  eliminate  the  possibil¬ 
ity  of  a  damaging  explosion,  (2)  stop  the  flow  of  propellant  to  the  fire, 
if  possible,  and  (3)  allow  the  spilled  propellant  to  bum  completely. 

In  many  cases,  however,  this  procedure  is  not  practical.  If  pentaborane 
is  to  be  developed  to  its  saxisnas  potential,  saans  most  be  found  to  reduce 
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th(‘  hazards  associatod  vith  fires  and  explosions  resulting  from  accidental 
spills.  Steps  in  the  treatment  of  a  pentaborane  fire  are  more  numerous 
and  rompiox  than  for  many  other  Hquid  fuels.  Initially,  it  is  necessary 
to  establish  control  over  a  fire  by  preventing  spreading  to  new  areas 
and  terminating  local  combustion.  Since  the  fuel  is  pyrophoric,  a  means 
also  musi  ho  found  to  prevent  relgnition  once  the  initial  treatment  has 
served  its  purpose.  Finally,  n  technique  for  destroying  the  pentaborane 
and  freeing  the  affected  area  of  the  toxicity  and  fire  hazard  is  required. 
It  is  also  desirable  that  a  means  of  preventing  gas-phase  explosions  in 
enclosed  compartments  be  available  in  the  case  of  delayed  ignition. 

The  present  applied  research  program  investigated  chmical  means  of  pre¬ 
venting  explosions  and  putting  out  fires.  The  former  was  studied  in 
an  explosion  bi  rette,  or  heterogeneous  shock  tube,  with  both  liquid  and 
solid  suppressants.  Fire  extinguishment  was  investigated  with  a 
diffusion  burner.  Fxtinguiahants  were  applied  in  the  vapor  phase  with 
the  combustion  air  supplied  to  the  burner.  Various  decontaminant  solu¬ 
tions  were  ev£.luated  in  a  gas  evolution  apparatus.  Results  of  these 
studies  are  described. 
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SUMMARY 


The  prevention  of  pentaborane  firei  and  exploaioni  in  air  by  chemical 
techniques  was  investigated.  Two  types  of  apparatus  were  employed: 
a  diffusion  burner  and  a  heterogeneous  shock  tube.  Water,  organic 
liquids,  and  aqueous  solutions  were  studied  in  the  diffusion  burner 
vith  n  lifted  flame  at  various  pentaborane  concentrations.  Methyl 
iodide  was  the  best  material  found,  and  was  the  only  material  which 
put  out  the  flame  at  the  higher  pentaborane  concentrations.  A  solution 
of  iodine  in  carbon  tetrachloride  and  dimethyl  sulfide  also  showed 
some  promise  ns  fire  extinguishants.  No  nitrogen  compounds,  phosphorus 
compounds,  or  aqueous  solutions  were  found  to  show  any  promise. 

The  effects  of  liquid  and  solid  suppressants  on  the  propagation  of 
detonations  in  pentaborane-air  mixtures  were  investigated  in  a  heter¬ 
ogeneous  shock  tube.  The  response  of  the  pentaborane-air  mixtures  to 
shock  initiation  in  this  apparatus  was  found  to  be  very  complex.  Three 
types  of  responses  were  noted:  (l)  no  augmentation  of  the  driver  shock, 

(2)  immediate  amplification  of  the  driver  shock  to  a  strong  detonation 
wave,  and  (3)  no  amplification  of  the  driver  shock  in  its  passage  down  the 
tube  followed  by  an  explosion  outside  the  tube,  resulting  in  a  relatively 
strong  detonation  wave  traveling  in  the  reverse  direction  in  the  tube.  The 
latter  result  was  the  most  coimnon;  no  satisfactory  explanation  for  this 
behavior  has  been  advanced.  A  high-surface-area,  silica-alumina  powder 
was  the  only  material  found  to  give  significant  suppression  of  explosion 
in  this  apparatus.  This  was  attributed  to  the  high  surface  area  rather 
than  to  any  chemical  effect.  No  suppression  action  was  observed  vith 
liquid  candidates;  however,  a  solution  of  potassium  iodide  and  iodine 
in  water  exhibited  a  sensitising  effect.  This  was  attributed  to  the 
presence  of  water,  which  is  more  volatile  than  the  iodine  and  apparently 
masked  any  possible  inhibition  by  the  iodine. 


The  effectivenesi  of  vnriouf  decontiuninotion  lolutioni  in  deBtroyin^ 
pentaborane  wai  inveitigated  by  ineanB  of  the  gai  evolved  during  dostruc- 
tion.  Deconttuninnnta  were  evnluated.  both  by  rate  of  gna  evolution  and 
total  gne  evolved.  Bolutlona  were  found  which  gave  a  wide  range  of 
rntee  of  gae  evolution.  Selection  of  a  decontamination  solution  will 
depend  on  the  requirements  for  the  specific  opplicatinn  under  consideration. 


GENEIUL  BArKGIlOUND 


Turront  knovlf>d((e  nf  th?  mpchnniama  of  flnmo  lupprcsiion  hns  boon 
sumranrized  and  roviowod  critically  by  Friednuin  and  licvy  (lief.  1,  2,  and 
1),  These  reports,  together  with  their  bibliographical  sources,  provide 
a  complete  survey  of  the  theory  for  flames  involving  carbon,  hydrogen, 
nitrogen,  and/or  oxygen.  CombuKtion  involving  other  elements  is  nut 
well  understood.  The  United  information  that  is  available  on  suppression 
of  such  flames  is  tied  closely  to  proposed  applications  for  nonbydrocurbon 
fuels.  In  particular,  the  mechanisms  of  boron  hydride  combustion  were 
investigated  as  part  of  the  "ZIP”  program.  later.  Young  and  Eggleston 
(Uef.  studied  the  suppression  of  HEF  pool  fires  and  achieved  some 
classification  of  extinguishing  agents  for  these  fuels.  However,  in  most 
cases,  behavior  analogous  to  hydrocarbon  fuels  was  inferred,  and  their 
well  developed  technology  was  heavily  drawn  upon.  In  light  of  the 
necessary  reliance  on  hydrogen  and  hydrocarbon  flame  technology  as  u 
guide,  it  is  well  to  review  the  key  aspects  of  this  technology. 

The  primary  modes  of  operation  of  fire  extinguishants  are  physical  and 
chemical.  Physical  separation  of  fuel  and  oxidant,  simple  dilution  of 
reactants,  cooling  and  mechanical  disturbances  are  typical  physical 
contributions.  Flames  that  propagate  by  means  of  branching  chain 
mechanisms  are  subject  to  the  effect  of  chemical  suppressants;  the 
additive  leucts  with  chain  carriers  and  acts  to  prevent  branching.  In  any 
practical  combustion  problem,  all  of  these  influences  will  be  contributing 
to  some  extent.  Water  has  a  high  latent  heat  of  vaporization  and  is 
onployed  principally  as  a  coolant;  however,  it  provides  some  separation 
and  dilution  as  well.  Although  carbon  tetrachloride  is  intended  as  a 
source  of  active  chain-breedking  specie:*,  it  also  must  exhibit  the 
physical  modes  of  suppression. 
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When  there  ie  reaion  to  asiume  a  branching  chain  nechaniam  for  flame 
propagation,  Friedman  and  Levy  point  out  the  marked  advantage  of  chemical 
inhibitore.  If  additive  efficienciea  are  compared  on  the  baeie  of  weight 
required  to  extinguiah  aome  atandard,  controlled  fire,  chemicala  that 
interfere  with  the  reaction  mechaniam  exhibit  4  to  10  timea  more 
auperiority  than  aimple  diluonta  and  cool&nta.  For  pentaborane,  then, 
the  following  queatlona  are  of  major  importance: 

1.  Doea  rapid  oxidation  occur  via  a  branching  chain  mechaniam? 

2.  What  apeciea  act  aa  chain  carriera? 

3.  Can  common  chemicala  be  introduced  to  react  with  carrier 
species  and  prevent  branching? 

The  mechanisms  of  hydrogen  and  hydrocarbon  combustion  have  been  treated 
in  detail  by  Lewia  and  Von  Elbe  (Ref.  3)*  A  few  reactions,  numbered 
according  to  the  scheme  of  these  authors,  serve  to  illuatrate  the 
problem: 


OH  +  Hg — - 

- ►  H^O  +  H 

(I.  Rsf.  5) 

H  ^Og 

- ►  OH  +  0 

(II,  Ref.  5) 

0  +  Hg 

- ►  OH  +  H 

(III,  Ref.  5) 

H  +  Og  +  M - 

- m.  HOg  +  M 

(VI  Ret.  3) 

The  chain  carrier  species  are  H,  0,  and  OH.  The  latter  is  viewed  as 
formed  directly  from  the  reactanta.  Reaction  I  doea  not  result  in 
amltiplication  of  free  radicals,  but  it  does  yield  hydrogen  atoms 
which  participate  in  the  principal  branching  reaction,  i.e«  reaction  II. 
both  r;»actions  II  and  III  multiply  free  radicals.  Reaction  VI  is  a  chain- 
breaki.ig  reaction  since  it  removes  hydrogen  atoms  by  formation  of  the 
stable  eacit>  Hb2  cud  competes  with  the  branching  itaction  associated  with 
this  species.  Similar  relit tions  a-^  propoied  for  hydrocarbon  combustion. 
The  branching  process  can  occur  aa  follows: 

OH  CO— — ►  COg  ♦  H 

H  +  Og - -  OH  +0 
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(la,  Ref.  5) 
(11,  Ref.  5) 


Here,  the  hydroxyl  radical  react!  to  yield  a  hydrogen  atom  that,  in 
turn,  produce!  a  new  hydroxyl  radical  and  an  oxygen  atom.  Thua  reaction 
TI  ie  n  branching  reaction  for  theae  reactant! ,  alao,  and  the  hydroxyl 
radical  ie  a  key  chain  carrier. 

Roseer,  Innmi ,  and  Wiae  (Uef.  6)  have  applied  theae  mechaniama  to  the 
problem  of  chemical  combuation  inhibitor!.  They  extended  earlier 
obaervntione  of  the  inhibiting  effecta  of  halogen  compound!  on  hydro¬ 
carbon  combuation  and  propoaed  a  mechaniam  which  include!  the  halogen 


1  as  intermediates, 

i . e. , 

OH  +  HX - 

-►  HgO  +  X 

(1) 

H  +  HX 

+  X 

(2) 

In  this  way,  the  chain  carriers  are  replaced  by  halogen  atoms  and 
branching  is  slowed.  The  halogen  acid  ia  regenerated  by 

Htt  +  X— — — ►  HX  +  a  (3) 

where  OL  is  an  organic  fragment,  e.g. ,  alkyl  radical.  Roaaer  et  al. 
report,  further,  that  noncarbon-containing  ayatema  can  be  inhibited  if 
chain  branching  occurs.  They  cite  the  amnonia-air  flame  as  an  example. 
Finally,  they  note  that  flames  incorporating  nitroua  oxide  or  nitrogen 
dioxide  are  not  subject  to  chemical  inhibition.  Thia  is  understood  on 
the  basis  of  thermal  processes  as  opposed  to  the  chain  branching  in 
oxygen  oxidations. 

Covalent  halogen  compounds  are  found  to  have  good  fire  suppressant 
qualities.  Two  general  statementa,  although  far  from  rigorous,  are  a 
useful  guide  to  the  relative  efficiencies  of  theae  compounds.  Firat, 
the  greater  the  number  of  halogen  atoms  in  the  parent  molecule  the 
higher  the  efficiency  and,  second,  tiie  halides  are  ranked  relative  to 
each  other  in  the  sequence  iodine  >  bromine  >  chlorine  ^  fluorine.  A 
practical  review  of  theae  conaiderations  may  be  found  in  Belles  (Ref.  7)> 
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The  role  of  povdcrs  and  ionic  lalt  eolations  as  coabustion  inhibitors 
is  comparable  to  that  of  covalent  halides.  Suppressant  efficiency  is 
a  function  of  composition  and,  in  the  case  of  powders,  particle  size. 

The  first  comprehensive  research  on  salt  solutions,  related  especially  to 
aqueous  solutions  of  alkali-metal  compounds,  was  carried  out  by  Thomas 
and  Hochwalt  (itcf,  8).  Broader  study  led  to  the  conclusion  that  chain¬ 
breaking  contributions  wore  a  property  of  alkali  and  alkali-earth 
cations.  Particular  attention  has  been  focused  on  the  unpredictable 
effect  of  unions  without  appreciable  success.  In  the  special  case  of 
aluminum  chloride.  Levy  and  Friedman  (Ref.  9)  propose  extinction  of 
of  hydrocarbon  fires  through  vaporization  and  chemical  reactions  similar 
to  those  of  chlorine  and  carbon  tetrachloride.  Villboum  and  Hinshelwood 
(Ref.  10)  and  Lewis  and  Von  Elbe  investigated  the  effect  of  salt-coated 
container  walls  on  the  explosion  limits  of  hydrogen  and  oxygen.  Cations 
of  the  above  type  with  a  variety  of  anions,  both  halide  and  nonhalide, 
were  found  to  be  effective.  The  former  researchers  suggested  the  follow¬ 
ing  chain-breiaking  action: 


KX 

+  H  . 

- K 

+  HX 

(4) 

KX 

+  H 

- m.  KH 

+  X 

(5) 

K 

+  X - 

- ►  KX 

(6) 

KH 

+  HX - 

KX 

(7) 

Most  recently  Friedman  and  licvy  (Ref*  11)  studied  the  effect  of  potassium 
vapor  on  the  methane— air  diffusion  flame*  Alkali-metal  vapor  was 
introduced  with  the  methane  and  had  no  inhibiting  effect  at  concentrations 
which  are  within  the  region  of  powerful  inhibition  by  organic  brwsides. 
They  propose  a  mechanism  for  the  cations  noted  earlier  in  conjunction 
with  ovygen-containing  anions 

KOH  +  H  —  ■■■■»■  H,,0  ♦  K  (8) 

KOH  ♦  OH - p-  BJi  ♦  KO  (9) 

which  accounts  for  removal  of  H  and  OH  chain  carriers  by  the  gaseous 
hsrdroxide* 
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The  work  jf  liiffitte  and  Douchet  (Ref.  12)  on  exploeion  waves  in  gaseous 
mixtures  suggested  a  chemical  role  for  powder  suppressants.  They 
observed  that  most  salts  exhibited  comparable  eff iciencie.'i  for  defla¬ 
gration  extinction  when  small  particle  sises  were  employed.  A  fine  powder 
provides  extensive  surface  on  which  recombination  can  occur.  It  appears 
probable  that,  when  sufficient  surface  is  available,  the  nature  of  the  sur¬ 
face  and  attendant  third-body  efficiency  is  unimportant.  However,  composi¬ 
tional  effects  appeared  in  deflagration  suppression  with  larger  particle 
•sizes  and  in  instances  when  the  combustion  reaction  attained  detonation 
velocities. 

It  is  apparent  that  a  method  of  chmnical  inhibition  of  pentaborane 
oxidation  should  be  sought.  To  begin,  some  form  of  reaction  mechanism 
must  be  selected  as  a  basis  of  attack*  The  bulk  of  the  work  on  boron 
hydride  oxidation  and  pyrolysis  kinetics  and  mechanisms  was  carried  out 
at  Rensselaer  Polytechnic  Institute  under  ZIP  program  support.  Price 
(Ref.  13)  studied  the  effect  of  diluent  gases  on  the  first  and  second 
explosion  limits  of  diborane  and  oxygen  mixtures.  He  observed  that 
oxygen  was  130^  more  effective  than  hydrogen  and  30^  more  effective  than 
nitrogen,  Whatley  and  Pease  rejected  the  possibility  of  a  reaction 
between  either  diborane  or  the  borane  radical  and  oxygen  (Ref.  14).  They 
deduced  a  thermal  mechanism  for  diborane-oxygen  explosions.  Roth 
(Ref.  13)  continued  the  stud,  of  the  second  explosion  limit  of  diborane. 

His  data  supported  a  branching  chain  mechanism  and  he  proposed  the 
following  reactions: 


»2  - 

— e.  BHgOH 

0 

(10) 

0  •► 

- 

— ^BBgOH 

4-  BH^ 

(11) 

BH^OH  + 

®2"6  - 

— s-RgHjOH 

4-  BH^ 

(12) 

beJ 

0,  +  M— 

— ►HBOg 

♦  ^  ♦  M 

(13) 

BH^  4 

^  - 

(14) 

where  reaction  10  is  the  primary  branching  reaction  and  reaction  13  is 
the  chain-breaking  step.  The  efficiencies  of  various  third  bodies  in 
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reaction  13  are  uaed  in  explanation  of  Prloe'a  reaulta.  Uter  publica¬ 
tion.  by  Roth  and  Bauer  (Ref.  16)  and  Fehlner  and  Strong  (Ref.  1?)  eupport 
a  bimolecular  ohaln-branohlng  and  trinoleeular  ohain-breaking  MohanieB. 
The  efficienciee  of  nitrogen,  argon,  and  heliua  in  reaction  13  are  ahovn 
to  be  in  good  ngroement  with  oollieiou  theory.  Bragg,  McCarthy,  and  Norton 
(Ref.  18)  found  the  pyi'olyaia  of  diborane  to  be  of  order  1.9  with  an 
activation  energy  of  about  25  kiluoalorlee  per  mole.  The  initial  reaction 
va.  considered  to  be 

W  - n-RBaj  (19) 

Reaction  19i  together  vHU  roaotlone  10  through  14,  fon.  a  conplete 
picture  of  diborane  oxidation. 

ludium  (Ref.  19)  obaerved  nixturee  of  tetraborane  and  oxygen  and  pro¬ 
posed  a  chain-branching  reaction  for  this  oxidation,  also.  He  found 
lead  tetraethyl  inhibited  the  reaction  erratically  and,  in  aone  cases, 
prevented  explosion  entirely.  Snyder  (Ref.  20)  inveetigated  the  ex¬ 
plosive  reactions  of  decaborane  in  oxygen.  He  proposed  a  chain  scheme 
similar  to  that  for  diborane,  i.e. , 


Bi0=14 

+ 

"a- 

►B^Hji 

♦ 

BI^OH 

4  0 

(16) 

*9*11  ~ 

- 

+ 

®5“7 

(17) 

®10®14 

+ 

0  - 

- ►BA 

+ 

»5“7 

4  BHgOH 

(18) 

+ 

®2- 

- ►B.H^ 

+ 

B^OH 

4  0 

(19) 

B,a^ 

* 

"a 

*  "-►“sVa 

+ 

M 

(20) 

BiI„0H 

+ 

«2- 

- a-HBOg 

+ 

V 

(21) 

where  reactionu  13  aid  19  are  chain  branching  and  reaction  20  is  the 
breaking  step.  Nitrogen  exhibited  a  broadening  effect  on  the  explosive 
peninsula,  indicating  a  lover  chain-breaking  efficiency  than  for  oxygen 
or  decaborane .  Nitrogen  dioxide  sensitised  the  reaction,  while 
iron  pentacarbonyl  inhibited  it,  tending  to  confirm  the  importance 
of  oxygen  atou  to  the  reaction  sMchanisa.  Finally,  Baden,  Bauer, 
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and  Wiberly  (llef.  21)  rtport  that  pentaboran*  oxidation  ia  a  branched 
chain  reactiona  Ehcploiion  linita  aro  ahiftod  by  reaction  prodncts  and 
are  sensitive  to  vessel  sise  as  veil.  The  oxidation  is  inhibited,  at 
room  temperature,  by  iron  pentaearbonyl {  this  result  is  attributed 
to  the  destruction  of  carrier  oxygen  atoms.  Maximum  variation  in  ex¬ 
plosion  limits  is  achieved  with  a  carbonyl  concentration  of  0.1  to  1.0J(. 

In  general,  the  oxidation  roaotions  of  the  lower  boron  hydrides  appear  to 
proceed  by  means  of  branching  chain  mechanisms.  Key  carrier  species 
include  borane  and  higher  borane  radicals,  e.g.,  as  veil  as  oxygen 

atoms.  In  common  with  the  methods  of  extinguishing  hydrogen  and 
hydrocarbon  flames,  the  most  efficient  technique  should  be  chemical 
through  restriction  of  radical  multiplication.  In  the  former  cases, 
covalent  halogen  compounds  are  effective  in  reactions  with  chain¬ 
carrying  hydrogen  atoms  and  hydroxyl  radicals.  For  pentaborane,  the 
approach  of  reaction  with  oxygen  atoms  to  restrict  branching  seems 
promising.  The  difficulty  in  this  technique  will  rest  with  the  re¬ 
activity  of  borane  radicals  and  the  likelihood  of  substituting  one 
branching  process  for  another. 

Some  further  guidance  can  be  found  in  the  limited  literature  on  boron 
hydride  flames  and  fire  suppression.  Spontaneous  ignition  limits  for 
pentaborane  were  studied  by  Schalla  of  N4CA  (Ref.  22).  She  found  a 
lean  limit  of  14-mole^  pentaborane  at  25  C  and  1  atmosphere.  No  rich 
limits  could  be  identified;  the  addition  of  air  to  pentaborane  vapor 
gave  ignition,  to  pressures  as  low  as  2  mn  Hg  at  23  C.  Of  interest  was 
the  observation  that  air  introduced  below  the  surface  of  liquid  pentaborane 
resulted  in  explosions  only  in  the  vapor  space  above  the  liquid. 

A  number  of  researchers  have  studied  diborane  flames.  Parker  «««< 

Wolfhard  (Ref.  23)  observed  that  the  addition  of  ethane  to  diborane 
oxygen  significantly  extends  the  mutual  flamsability  limits  beyond  the 
limits  predicted  from  data  for  the  pure  fuels.  Burning  velocity  is  a 
maximum  for  a  stoichiometric  mixture  of  diborane  and  oxygen;  the  addition 
of  hydrocarbon  reduces  the  burning  velocity.  Ears  studied  the  effect  of 
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diborane  on  propana-alr  praaix  flaaas  (Rtf.  24).  For  dlboraneln  bmII  amount s, 
i.e.,  lean  flames  up  to  20^  diborano  in  tho  fuol  and  rich  flamot  up  to 
6^  diborane  in  the  fuel,  the  flame  speed  of  the  mixture  la  leea  than  that 
for  pure  propane.  In  rich  flames,  oontaining  over  6ft  boron  hydride,  the 
flame  speed  of  propane  is  exoeededt  diborane  is  burned  eeleotively  and 
a  two-step  flame  results.  Berl  and  Dembrow  (Ref.  29)  report  two-stage 
flames,  also.  The  diborane  bums  more  rapidly  and,  when  some  oxidiser 
remains,  a  secondary  hydrocarbon  flame  takes  hold.  Berl,  Oayhart,  Maier, 
Olsen,  and  Renich  (Ref.  26)  report  on  laminar  premix  flames  of  pentaborane, 
oxygen,  and  nitrogen.  Maximum  burning  velocity  was  found  on  the  slightly 
fuel-rich  side  of  stoichiometric.  The  burning  velocity  for  a  mixture 
with  the  oxygen-nitrogen  ratio  of  air  is  over  100J(  greater  than  the  max¬ 
imum  burning  velocity  of  hydrogen  in  air.  Also,  the  flame  speed  is 
very  sensitive  to  oxygen  concentration. 

Very  limited  systematic  study  of  boron  hydride  fire  suppression  is  re¬ 
ported  in  the  literature.  Mich  of  the  existing  knowledge  has  been 
consninicated  informally,  is  highly  qualitative,  and  is  closely  related 
to  the  immediate  production  or  application  problem  of  the  reporting 
agency.  George  (Ref.  2?)  compared  the  efficiencies  of  cossson  fire  ex- 
tinguishants  on  diborane,  ethane,  and  hydrogen  fires.  Carbon  dioxide 
and  nitrogen  were  poor  extinguishants  for  diborane  and  succeeded  only 
in  transferring  the  flame  to  a  point  of  higher  oxygen  content.  Ihider 
identical  conditions,  ethane  and  hydrogen  fires  were  quickly  extinguished. 
Carbon  tetrachloride  was  effective  on  ethane,  ineffective  on  hydrogen, 
and  resulted  in  a  continued,  ssrake-generating  reaction  with  diborane. 

Steam  was  ineffective  on  diborane,  while  water  was  the  most  successful 
of  the  extinguishants  tested.  Sand  and  sodium  bicarbonate  suppressed 
diborane  fires  only  after  application  in  considerable  depth. 

Young  and  Rggleston  studied  fires  of  propylpentaborane  (HEP-2)  and 
ethyldecaborane  (HEP-3),  nieir  basis  of  comparison  was  a  pool  fire  of 
constant  fuel  level.  C<nniereial  dry  chemicals,  water  spnqrs,  carbon 
dioxide,  and  nitrogen  were  ineffective  against  HEP-2  fires.  Phel  cosi- 
plexing  agents,  including  formaldehyde  and  several  asdnes,  showed  smw 
tendency  toward  reducing  the  intensity  of  the  same  fires.  However,  as  the 
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increaiing  amine  eoneentration  began  to  give  aone  promise,  the  limit 
of  flammability  of  the  amine  vas  attained.  Aqueous  salt  solutions  either 
were  ineffective  or  actually  promoted  mere  rapid  burning,  Bslogen  com¬ 
pounds  were  not  studied  because  of  shook  sensitivity  data  reported  by 
Olin  Mothieson  Chemical  Co,  In  an  unreferenoed  report  of  the  latter 
company,  carbon  tetraiodide  and  isopropylohlorids  were  claimed  to  be 
inieneitive.  On  the  other  hand,  carbon  tetraohloride,  ohloromothyl  ether, 
d ibromoe thane ,  dichloroethane,  methylene  ohloride,  and  fluevotrichloro- 
methane  were  sensitive  in  mixtures  with  deoaborane.  Conventional  foams 
were  unsatisfactory,  largely  because  explosions  at  the  fuel-foam  interface 
prevented  the  formation  of  a  coherent  barrier.  Inert-gas  foams  produced 
extinguishment  at  a  reasonable  delivery  rate)  the  latter  were  acceptable 
at  an  increased  scale  of  testing,  also.  A  few  tests  with  HEF-3  indicated 
a  lesser  degree  of  suppression  difficulty.  Young  and  llggleston  describe 
the  rather  indifferent  success  of  other  agencies  with  water  fogs,  carbon 
dioxide,  and  dry  chemicals. 

The  pentaborane  manual  offered  by  Olin  Mathieson  Chemical  Co.  (Ref.  28) 
itemizes  a  long  series  of  suiterials  with  wliich  pentaborane  is  shock 
sensitive.  This  list  includes  nuiBerous  halocarbons  and  "Freons”  in 
general,  as  well  os  many  oxygen-containing  organics.  A  Gallery  Chemical 
Co.  brochure  (Ref.  29)  offers  the  same  infonsation  and  cites  the  Olin 
Mathieson  manual  as  n  reference.  Neither  of  these  sources  provides  a 
bibliograplQr  on  this  subject.  Carpenter  (Ref.  30)  makes  note  of  the 
violent  reactions  between  halocarbons  and  boron  hydrides  and  cites  a 
brochure  in  the  Ref.  29  series  as  his  authority.  Thus,  the 
experimental  wozk  in  this  area  is  not  referenced,  and  criteria  applied 
to  sensitivity  tests  cannot  be  examined  to  establish  the  significance 
of  these  statements  relative  to  fire  suppression.  Carpenter  mentions 
the  use  of  water  fog  and  sMchanical  foam  for  fire  suppression,  also. 

There  may  be  some  danger  in  overgeneralizing  or  exaggerating  the  effect 
of  halide  species  in  association  with  the  boron  hydrides.  Reaction 
Motors  studied  solutions  of  iodine  in  pentaborane  under  contract  to 
The  Bureau  of  Aeronautics. 
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Control  of  ■pontaneotts^lgnltioii  itaporaturt  vai  aohiavad,  with  an  optimum 
at  about  1%  (by  vaight)  todina.  Uhdar  flald  oondiiiona,  aolutiona  were 
reported  to  ignite  only  in  axtrana  eaaaa.  Solutions  containing  as  much 
ns  iodine  were  stable,  with  tests  of  up  to  S-month  duration  claimed. 

An  increase  in  ignition  temperature  is  a  useful  adjunct  to  any  fire- 
euppreesion  technique.  Thus,  a  reappraisal  of  halogen  extinguishants  is 

■j 

indicated.  Finally,  a  recent  IPIA  survey  of  HEF  fire  fighting  (itnf.  32) 
notes  a  comment  by  Gallery  Chemical  Co.  on  the  use  oP  dry  chemical 
extinguishants.  The  addition  of  3  to  10^  potassium  or  ammonium  iodide 
is  suggested  **if  the  ignition  characteristics  of  HEF-2  are  dependent  on 
chain  branching." 

In  general,  candidate  fire  extingul chants  have  been  selected  on  the  basis 
of  chain-breaking  potential.  Reaction  with  atomic  oxygen  to  give 
molecules  or  a  molecule  and  a  maximum  of  one  radical  or  atom  is  desired. 
The  chemicals  chosen  for  consideration  in  the  heterogeneous  shock  tube 
or  the  diffusion  burner,  or  both,  include: 


(CKjO)^P 

BTg  or  HBr 

(Solution) 

PCl^ 

I2  or  HI 

(Solution) 

SF, 

KI 

V 

(FCl2C)2 

NH, 

H^C(CN) 

NaOCN 

F^C(CN) 

(C^)2S 

(CH2CN)2^ 

HCBr^ 

(^)jjCO 

In  addition,  several  ultrahigfa-snrf ace- area  powders  were  chosen  for  use 
in  the  shock  tube. 

The  entire  preceding  discussion  is  prefaced  on  the  siisple  problem  of  fire 
suppression;  only  the  capacity  of  an  eztinguishant  to  perform  this  single 
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function  hai  boon  ooniidtrod.  StYeral  pofiiblt  eonditiono  ariae  once  a 
pentaborane  fira  baa  baan  axtingulahad.  Etaaplaa  arat 

1.  Tha  raaidua  ia  aubjaot  to  datoaatlon  or  vlolant  decomposition. 

2.  The  raaidua  ia  atablo)  uaehanfad  ^ntaborana  raaaina. 

3.  Pantaborana  paraiata  aa  a  atabla,  nonrolatlla  complex. 

4.  Pantaborana  hsrdrolyaaa  or  oxidiaaa  in  tha  raaiduai  evolving 
hydrogen  and  boric  oxidaa. 

Extinguiahnent  mathoda  and  matariala  leading  to  condition  1  aniat  be 
carefully  avoided;  thia  ia  a  aituation  idiich  oraataa  a  haaard  that  ia 
equal  to  or  voraa  than  tha  fire  itaalf.  Condition  2  rataino  tha 
hazard  of  volatility  vith  acecnpanying  axpoaura  of  peraonnel  to  toxic 
vapors  and  possible  raignition  of  combustion.  Direct  contact  vith  the 
residue  by  peraonnel  ia  a  aarious  difficulty,  also.  Conditions  3  and 
4  therefore  are  preferred  in  practice;  however,  those  may  not  be  equally 
applicable  to  all  cases.  Note  that  if  a  good  axtinguishant  were  to 
result  in  condition  2,  a  second  treatment  could  be  applied  to  achieve 
condition  3  or  4. 

The  chemistry  of  boron  hydrides  is  treated  in  Bef.  33  and  34.  Pentaborane 
hydrolyzes  in  water  rather  slowly  at  normal  aadbient  temperatures.  Rapid 
hydrolysis  is  facilitated  by  the  addition  of  an  oxidizing  acid. 

Destruction  is  facilitated,  also,  by  reaction  with  oxygen-containing  organics 
with  a  readily  replaceable  Iqrdrogen  (ethanol,  dioxane,  etc.).  Rapid 
evolution  of  hydrogen  may  be  expected  to  complicate  fire  suppression.  Thus, 
pentaborane  destruction  may  be  most  conveniently  carried  out  as  a  second 
step. 

Pentaborane  is  complexed  by  Levis  bases;  asssonia  and  organic  amines  are 
coomon  examples  of  the  class  of  compounds.  In  many  instances  these  acid- 
base  complexes  are  water  soluble,  stable,  and  of  low  volatility.  A 
residue  in  the  complex  form  constitutes  a  minimum  hazard;  it  may  be  removed 
and  disposed  of  "as  is"  or  acidified  and  hydrolyzed  after  collection  in  a 


15 


■uitable  container.  The  woric  of  Rothborg,  Celbonmi  and  Salvator* 

(Ref.  35)  dmonotratoa  tho  roduetion  of  poraonnol  oontaot  haaarda  by 
complexing  troataont.  Vkrioua  agnooua  dotorgoat  and  oolvont  oolutiona 
were  evaluated  aa  deoontaainanta  in  anlaal  experiaento.  A  2.8)(  aolution  , 
of  anaonla  in  water  wae  approoiably  better  than  the  other  oolutiona  of 
non-Levia  baoea.  It  reoulted  in  100)(  opooiaon  reooverieo,  even  after  a 
15HBinute  delay  between  expoaure  to  four  tiaoa  the  of  BEF-3  and 
decontaaination.  One  of  tho  objeotiveo  of  thia  prograa  io  tho  evaluation 
of  varioua  compoundat  in  aqueoua  aolution,  ao  aoano  of  eoaplexing  or 
deatroying  pentaborane  quantitatively. 
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OIFraSKBf  FLAME  STUDIES 


APPARATUS  AND  PROCEDURES 

The  choice  of  a  diffuaion  flana  txptriMnt,  aa  oppoaad  to  a  prtmix  flaaie 
or  the  gaa-phaae  exploaion  huratta,  vaa  prefaced  on  three  oonaldarationa. 
Firat,  practical  firea  art  uaually  hetaroganaoua  diffuaion  flamea;  iJiey 
propagate  by  meana  of  (l)  heat  and  maaa  tranaport  prooeaaea  in  the  region 
between  the  flaae  and  the  liquid  fuel  and  (2)  oxygen  diffuaion  to  the 
flame  through  convecting  oomhuation  produota.  Under  normal  ciroumatanceo, 
a  volatile  fire  extinguiahant  auch  aa  carbon  tetrachloride  will  vaporise 
and  diffuse  to  the  flame  much  aa  oxygen  doea.  An  effort  waa  made  to  aelect 
on  experiment  that  would  incorporate  aa  many  of  the  featurea  of  a  field 
aituation  ae  poaaible.  Second,  flame  apeeda  of  boron  hydridea  in  air  are 
quite  large.  In  air,  at  an  equivalence  ratio  of  1*2,  pentaborane  haa  a 
flame  speed  of  almost  600  cm/aec.  This  is  over  twice  the  maximum  flame 
speed  for  hydrogen  in  air.  fieri  et  al.  (Ref.  26)  note  that  a  conventional 
laminar  premix  flame  would  require  a  **1mmer  tube  of  l-mil  lime  ter  diameter 
or  less  to  prevent  flashback  while  maintaining  laminar  flow."  Alternate 
methods  of  studying  fast  premix  flames,  such  as  explosive  soap  bubbles,  are 
so  complex  as  to  appear  impractical  for  the  investigation  of  suppressants. 
Diffusion  flames  are  free  of  flashback  difficulties.  Finally,  one  of  the 
pentaborane  combustion  products  is  condensable  to  a  solid.  There  was  much 
concern  over  the  possible  deposition  of  boric  oxide  on  a  burner  tip  or 
burette  walls,  with  aceompaiqring  flow  disturbances,  flowrate  variations, 
and/or  changes  in  wall  characteristics.  Lifted  diffusion  flames,  i.e., 
flames  detached  from  the  burner  tip,  have  been  observed  by  numerous 
workers  (Ref.  36).  The  laminar  jet  burner  rejKtrted  by  Potter  et  al. 

(Ref.  37)  is  another  form  of  diffusion  flame  idiich  yields  a  detached 
flame.  Diffusion  flames  therefore  provide  an  opportunity  to  bypass  the 
problem  of  solid  formation  and  deposition  by  permitting  detachment  of 
the  flame  zone  from  apparatus  surfaces. 
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Diffusion  flames  can  be  classified  on  the  basis  of  the  flow  pattern  of 
fuel  and  oxidiser  streams.  Vhel  and  oxldiier  flows  oaa  be  counter- 
current  or  parallel,  or  fuel  can  pass  through  stagnant  oxidiser.  further 
subclassification  is  related  to  a  turbulenoe  indext  thus  the  terms 
laminar  and  turbulent  are  applied  as  a  funetion  of  Reynolds  number  or 
shadow  photographic  evidence.  Either  of  these  criteria  may  be  applied 
to  the  combustion  sons  or  combustion  product  flow,  while  the  former  may 
be  applied  to  tube  flow  of  fuel  and  oxidiser  feed  streams.  The  Jet 
burner  is  an  example  of  a  counter cur rent -flow  flame  device.  Concentric 
annulus  and  slit  burners  are  examples  of  the  parallel-flow  type;  simple 
fuel  Jets  and  candle  flames  are  of  the  stagnant-oxidiser  type. 

Friedman  and  Levy  (Ref.  11)  screened  a  series  of  covalent  halide  in¬ 
hibitors  with  a  laminar  Jet  flame  of  methane  and  air.  They  describe 
a  method  of  comparison  tidiich  relies  upon  the  visible  structure  of  the 
flame.  Initially,  this  flame  is  the  shape  of  a  rounded  disk  normal  to 

the  reactant  streams.  As  flowrates  are  increased  or  as  inhibitors  are  , 

« 

added,  a  hole  develops  at  the  center  of  the  disk  and  the  flame  takes  on 
a  toroidal  form.  The  appearance  of  the  hole,  as  a  function  of  fuel 
flow  and  inhibitor  concentration,  is  the  criterion  for  inhibitor  evalua¬ 
tion.  The  flame  must  be  shielded,  and  Rriedman  and  Levy  encountered 
difficulty  with  solid  deposition  during  experiments  with  alkali-metal 
addition.  F\irther,  the  subjective  nature  of  this  evaluation  and  the 
high  intensity  of  pentaborane  flames  led  to  rejection  of  the  jet  burner 
for  this  program. 

It  was  desired  to  introduce  suppressants,  in  the  vapor  phase,  by  means 
of  the  oxidizer  feed  to  the  burner.  This  procedure  eliminated  any  prob¬ 
lems  of  compatibility  between  pentaborane  and  the  individual  suppressant 
candidates.  In  addition,  inhibiting  effects  are  enhanced  by  introducing 
suppressants  with  the  oxidiser  feed.  Friedman  and  Levy  (Ref.  l)  report 
that  a  premix  methane-air  flame  is  extinguished  by  4.8^  methyl  bromide. 
Only  3.8^  methyl  br<«ide  was  required  to  extinguish  a  diffusion  flasM 
when  introlbiced  into  the  air  stream;  however,  the  same  diffusion  flame 
required  4?^  of  the  additive  idien  it  was  introduced  in  the  methane.  The 
operation  of  a  simple  fuel  jet  burner  was  rejected,  also. 
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The  choice  between  oonoentrio-tube  and  alit-type,  parallel-flow  burners 
was  made  on  a  purely  practical  basis.  As  a  silniousi,  some  boric  oxide 
deposition  was  expected  during  startup  and  shutdown,  and  removal  had 
to  be  anticipated.  The  concentric  •^ube  design  appeared  to  be  more 
amenable  to  frequent  cleaning;  for  this  reason,  it  was  selected.  Initial 
design  of  the  burner  provided  for  fully  laminar  flow  in  the  tubes  at  the 
burner  exit.  Equal  fuel  and  oxidiser  velocities  of  about  10  ft/sec  and 
Reynolds  mimbera  in  the  range  of  1900  to  2000  were  planned.  It  will 
be  seen  that  a  lifted  flame  was  not  attainable  under  these  conditions, 
and  final  operation  of  the  burner  was  carried  out  with  turbulent  inlet 
conditions  for  both  streams. 

The  burner  consisted  of  a  l/8-inch,  stainless-steel  tube  inside  a  piece 
of  1-inch,  stainless-steel  tubing.  The  inner  tube  was  held  in  place 
with  positioning  pins  to  ensure  concentricity;  the  exit  ends  of  the 
two  tubes  were  cut  off  in  the  same  plane.  An  adapter  piece  was  pressed 
into  the  outer  tube  to  achieve  the  required  annulus  dimension  and  cal¬ 
culated  air-flow  channel.  Final  annulus  dimensions  were  0.900-inch  outer 
diameter  and  0.125-inch  inner  diameter;  fuel  tube  inner  diameter  was 
0.101  inch. 

Figure  1  is  a  schematic  diagram  of  the  diffusion  flame  system  in  final 
form.  Pentaborane  vapor  was  prepared  in  a  2-quart,  stainless-steel 
tank.  Presstire  was  monitored  with  a  0  to  30-p8ia  Statham  pressure  trans¬ 
ducer;  transducer  output  was  recorded  and,  also,  employed  to  operate  a 
limit  switch  and  relay  in  the  tank  heater  power  supply.  Pressure  was 
maintained  within  -^0.05  psi  of  the  set  point.  Pressure  was  selected 
as  the  boiler  control  variable  because  of  the  appreciable  temperature 
gradients  in  the  tank  arising  as  a  consequence  of  the  absence  of  agitation. 
Relating  pressure  to  vapor  temperature  with  the  vapor  pressure  data  for 
pentaborane  gave  estimated  temperature  control  limits  of  d:0.2  F. 

Prepurified  nitrogen  was  employed  as  a  purge  and  carrier  gas  for  the 
pentaborane.  This  material  has  a  guaranteed  parity  of  99*996^  and  a 

oxygen  concentration  of  8  ppm.  Nitrogen  pressure,  testers  tore 
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0  TEMPERATURE  INDICATOR 
m  TEMPERATURE  INDICAT0R-K:0NTR0LLER 


Figure  1.  Schasatic  of  Diffusion  PI) 


and  flowrate  were  meaiured  Juat  dovnstreMi  of  the  bottle  regulator. 
Nitrogen  waa  heated  to  about  130  P  prior  to  reaohlng  the  nitrogen- 
pentaborane  nixing  tee*  Tenperature  waa  maintained  within  *3  P  with 
a  Wheelco  indicator/oontroller.  Mixture  tanparatura  waa  awintained 
with  a  a ini lor  device.  Pentaborane  vapor  and  pentaborane-nitrogen 
mixturea  were  auperheated  enough  to  prevent  oondenaation  in  the  fuel  feed 
linea.  Temperature,  preaaure,  and  flowrate  were  naaaurad  innediately 
upatrenm  of  the  burner  inlet.  For  the  greater  part  of  the  program, 
mixture  feed  temperature  waa  controlled  at  143  *^2  P. 

Flame  air  waa  aupplied  with  a  conneroial  oompraaaor/driar  aet.  In  turn, 
air  was  heated  to  about  240  P;  a  Wheelco  indicator/oontroller  waa 
city)loyed  to  maintain  conatant  temperature.  Initially,  auppreaaanta 
were  introduced  from  a  boiler  of  the  aame  deaign  aa  the  pentaborane 
boiler.  However,  becauae  of  the  corroaive  nature  and  wide  range  of 
boiling  points  of  most  candidate  suppressants,  this  system  did  not 
function  properly.  Further,  excessive  time  was  required  to  change 
suppressants  and  to  carry  out  the  necessary  tank  heating  and  cooling 
cycles.  An  alternate  scheme  was  put  into  service. 

A  heated  inlet  from  a  preparative-scale  gas  chromatograph  was  placed  in 
a  bypass  in  the  heated-air  line.  This  device  consisted  of  a  large 
piece  of  metal,  in  the  form  of  a  hollow  cylinder,  that  waa  wound  with 
heating  wire  and  could  be  raised  to  very  high  temperatures.  A  tempera-- 
ture  sensor  was  placed  in  the  air  stream  below  the  vaporiser  and  connected 
to  an  indicator/controller  systos  based  on  a  Leeds  and  Northrup  strip 
recorder.  Air  stream  temperatures  of  430  ±10  F  were  maintained  at 
the  exit  of  this  heated-inlet  system.  Quantities  of  liquid  suppressant 
were  injected  into  the  vaporizer  through  a  rubber  septum  frm  standard 
laboratory  syringes.  As  much  as  2  cubic  centimeters  (cc)  of  liquid 

could  be  vaporized  within  1  second. 

Burner  operation  was  begun  by  starting  nitrogen  and  air  streams  and 
bringing  all  lines  to  desired  temperatures.  The  pentaborane  boiler 
was  heated  and  allowed  to  come  to  set-point  pressure,  i.e.,  about  3  paig* 
The  suppressant  vaporizer  was  brought  to  operating  temperature,  also. 
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Once  control  va.  catabliahed,  the  ehutoff  and  needle  valvee  on  the 
pentaborane  boiler  were  opened  alowly,  and  pentaborane  vapor  vae  intro¬ 
duced  to  the  burner.  A  Teatla  ooil  waa  eaployed  for  ignition.  Ponta- 
borone  flow  waa  ineroaaed  and  nitrogen  flow  waa  dooroaaed  until  the 
deaired  concentration  and  flowrate  were  attained.  The  preaaure  ratio 
acroaa  the  valve  between  the  nitrogen  aupply  and  the  pentaborane  mixing 
tee  waa  kept  high,  i.e.,  in  exoeaa  of  2.9,  to  enaure  aonio  flow.  Thua, 
diaturbancea  in  the  pentaborane  feed  did  not  diaturb  nitrogen  flow;  i.e., 
the  latter  remained  a  relative  aukxinum  due  to  ohoking. 

The  procedure  for  auppreaaimt  evaluation  oonaiated  of  the  NOL  up-and- 
duwn  technique,  aa  frequently  applied  to  aenaitivity  teating.  The 
criterion  of  a  poaitive  reault  waa  complete  extinguiahaient  of  the  flame 
within  a  period  of  2  to  3  eeoonda.  Diaturbaneea  and  auppreaaant  flamea 
were  discounted  aa  negative  reaulta.  Three  aeparate  levela  of  auppreaaant 
addition  were  uaed  to  gain  increaaed  aenaitivity.  Quantitiea  of  0  to 
0.2  cc  were  injected  with  a  0.2-cc  ayringe  at  incrementa  of  0.01  cc. 
Quantitiea  of  0.2  to  0.7  cc  were  injected  with  a  1-cc  ayringe  at 
increments  of  0.05  cc  and,  in  the  upper  range,  quantitiea  of  0.7  to  2.0 
cc  were  injected  with  a  2>cc  ayringe  at  incrementa  of  0.1  cc. 

In  each  series  of  tests,  a  steady  flaaM  was  attained  and  an  approximate 
level  of  suppressant  addition  for  total  extinction  was  established  by 
three  to  six  preliminary  injections.  Starting  from  this  estisutted  ex¬ 
tinction  point,  quantities  of  suppressant  were  varied  by  one  range  in¬ 
crement  iintil  a  reversal  of  trend  was  note;  i.e.,  if  the  preceding 
quantity  injected  failed  to  extinguish  the  flame,  a  quantity  larger  by 
one  range  increment  was  injected.  If  a  preceding  quantity  successfully 
extinguished  the  flame,  the  subsequent  test  esqiloyed  a  qiiantity  smaller 
by  one  range  increment.  Injections  were  continued  until  the  mean  volume 
of  liquid  necessary  to  extinguish  the  flame  with  a  5^  probability  could 
be  estimated  accurately.  The  number  of  tests  in  a  given  series  varied 
from  25  to  50.  Results  were  tabulated  as  5QJ(  suppressant  addition  level 
vs  pentaborane  concentration. 
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In  aooM  inaUnoaa,  a  ohaaga  froa  all  poaltiva  to  all  nogative  roaulta 
took  placa  ovtr  ono  rang#  laeraaMat.  Tha  aldpoiat  of  tha  iaoraoMat 
was  takaa  as  tha  50ft  aupprasaaat  laval.  Whaa  a  broadar  raaga  of 
variation  was  obsarvad,  tha  aaapla  was  aaauaad  to  ba  aoraally  dlstri- 
butad.  Tha  fraotloa  of  poaltiva  obaarvatloaa  was  plottad  against 
suppressant  laval  on  Oauaalan  probability  paper.  Tha  510$  laval  was 
taken  from  tha  bast  straightllna  fit  to  tha  data. 


RESULTS 

Preliminary  burner  axparimaats  ware  carried  out  with  almpla  Jet  and 
parallel-flow  flames  of  methane,  methanol,  and  haxana  with  air.  Baaults 
vere  reproducible  and  qualitatively  oonalatant  with  tha  obaarvatlona 
for  hydrocarbon  diffusion  flames  reported  by  Bottal  and  HMrthorna 
(Ref.  38)  and  Vohl,  Gaalay,  and  Kapp  (Baf.  39)*  Controls  performed  wall 
and  measurements  ware  repeatable.  Tha  phenomenon  of  liftoff  was  observed 
and  easily  controlled  in  all  three  cases.  Tha  next  step  In  tha  program 
was  to  introduce  pantaborana  and  establish  a  region  cf  composition  and 
flow  velocities  for  liftoff. 

Under  no  circumstances  was  a  pure  pantaborana  flasw  obsarvad  to  lift  off 
the  burner  tip.  As  had  bean  aiqMctad,  tha  deposition  of  boric  oxide  on 
the  burner  tip  at  tha  fuel  port  proved  to  ba  a  serious  problem.  Flowrate 
and  flame  properties  could  not  be  maintained  within  reasraable  limits  and, 
to  hold  a  flasM,  continuous  manual  scraping  of  the  burner  tip  was  required. 
Dilution  of  the  pantaborana  stream  with  prepurified  nitrogen  was  used  to 
detach  the  flasw  and  provide  steady  operating  conditions. 

Well  behaved,  lifted-off  pantaborana  flames  were  observed  at  nitrogen 
ilowrates  of  430  to  830  cu  in./min  referred  to  14.7  psia  and  32  F  (scim). 
Allowable  pantaborana  concoitratimi  varied  with  nitrogen  flowrate; 
over-all  limits  were  10  to  50$  fuel.  Best  results  were  achieved  with  a 
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slight  increase  in  air  flow  beyond  that 
air-flow  conditiona  ware: 

planned  in  the  design.  Final 

1 .  Temperature ,  F 

240 

2.  Tube  exit  veloeity,  ft/eeo 

12.1 

3.  Reynolds  number 

2350 

Final  fual  atraam  oondltlona  %Mra  ehoaaii  on  tho  baaia  of  (l)  a  broad 
range  of  pentaborano  oonooatratloaa  at  fixed  nitrogen  flow  and  (2)  eaae 
of  control.  Nitrogen  flowrate  wae  660  ±10  eela,  Pentaborane  concentra¬ 
tion  waa  variable  froa  14  to  without  flaae  attaohaent.  Below  14j( 
the  flane  vaa  unatable,  and  above  2T%  it  attached  iteelf  to  the  fuel  tube 
exit.  Fuel  flow  conditiona  were: 


1. 

Temperature,  F 

145 

2. 

Tube  exit  velocity,  ft/aec 

164  to  188 

3. 

Reynolds  number 

6500  to  7500 

Note  that  both  oxidizer  and  fuel  atreaaa  were  in  turbulent  tube  flow  at 
the  feed  tube  exita ,  with  the  fuel  atreaa  well  into  the  tnrbulent 
regime.  Also,  fuel  atream  velocitiea  were  13  to  15  tiawa  greater  ♦h*" 
the  air  velocitiea  under  theae  conditiona.  Fignre  2  ia  a  photograph  of 
a  lifted  flame  with  a  pentaborane  concentration  of  16^  at  a  nitrogen 
flowrate  of  660  acim. 

A  full  auBBaary  of  all  auppreaaanta  teated  and  detailed  reanlts  appear 
in  Tables  1  through  4.  The  nature  of  the  reaulta  makes  it  8iq;>lest  to 
classify  and  discuss  the  results  on  the  basis  of  eleawntal  aubstitoents. 
Halides,  nitrogen,  aulfur,  and  idiosphoma  are  the  distinguishing 
elemental  types.  The  results  of  up-and-down  extinction  lerol  teats  are 
presented  graphically  in  Fig.  3  through  5.  Halogen  ccmipounds  are  grouped 
in  Fig.  3,  nitrogen  coaqpounds  and  their  aqueous  solutions  are  grouped 
in  Fig.  4,  and  both  sulfur  and  phosphorus  coaq>ounds  are  presented  in 
Fig.  5«  Water  is  included  as  a  reference  on  all  these  figures. 
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>re  2.  Detached  Flame  of  Peutaborane— Nitrogen  in  Air 
(lleference  dimension:  burner  tip  is  1-inch 
diameter) 
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TAB1£  2 

DIFRJSION  FLAME  EXTINCTION 
(NITROGEN  SUFFflESRANTS) 


SuppresBant 

Nitrogen 
Flow,  icim 

Pantaborane 
Concentration, 
volume  percent 

Total  Fuel 
Flow,  BCim 

Fifty-percent 
Suppressant 
Level,  cr 

Water  (lief,) 

660 

16.6 

79C 

0.23 

660 

19.2 

815 

0.38 

660 

20.1 

830 

0.54 

665 

22.4 

855 

0.68 

Increased  flame  intenelty  at  all  higher  pectahorane 

c one entrat lone 

Acetonitrile 

660 

15.2 

780 

0.26 

660 

19.0 

815 

0.38 

655 

21.4 

830 

0.52 

660 

22.3 

850 

0.56 

Attained 

flamnability  limit  of  acetonitrile  in  air 

205{  Aceto- 

660 

15.8 

780 

0.17 

nitrile 

655 

18.1 

800 

0.25 

+  Water 

665 

19.7 

825 

0.25 

660 

22.8 

855 

0.74 

28  to  30^ 

660 

15.0 

775 

0.095 

Amnonia  + 

660 

17.4 

800 

0.155 

Water 

665 

19.7 

825 

0.175 

660 

22.9 

855 

0.65 

Increased  flame  intensity  at  all  higher  pentaboranc 

concentrations 

9  to  lOJf 

665 

15.5 

785 

0.17 

Aimonia  + 

665 

17.5 

805 

0.63 

Water 

No  inhib 

ition  at  higher  ji 

»entaborane  cok 

icentrations 

Ethylene- 

665 

19.9 

825 

0.45 

diamine 

j^idine 

Burned  r 

eadily  in  air,  nc 

inhibition 

Propionitrile 

Burned  readily  in  air,  no  inhibition 

ja,)8'-0xydi- 

No  inhibition 

propiimitrile 

1 

_ 1 
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lAfiii:  3 


DIFEV8IQN  FLAME  EXTINCTION 

(sulfur  suppressants) 


Pentaborane 

Fifty-percent 

Nitrogen 

Concentration, 
volume  percent 

Total  Fuel 

Suppressant 

.SupprfiBsant 

Flow,  acin 

Flow,  sclm 

Level,  cc 

Dimethyl 

660 

15.0 

780 

0.055 

Sulfide 

17.6 

0.075 

660 

17.7 

1  BO5 

MJ.9 

Attained  flamnability  limit  for  dimethyl  sulfide  in 

air 

Diethyl 

Burned  readily  in  air,  no  inhibition 

Sulfide 

Thiophene 

Burned  readily  in  air,  no  inhibition 

2-Bromo- 

No  inhibition 

thiophene 

Carbon 

Burned  readily  in  air,  no  inhibition 

Disulfide 

Perciiloro- 

uiethyl- 

mercaptau 

665 

16.4 

795 

0.95 

Benzene 

No  inhibition 

Sulftnyl 

chloride 

* 
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TABLE  4 


DIFFUSION  FLAME  EXTINCTION 
(FHOSFHQllUS  SUPHUSSSANTS) 


Pentaborane 

Fifty-percent 

Nitrogen 

Concentration, 

Total  Fuel 

Suppressant 

Suppressant 

Flow,  soim 

volume  percent 

Flow,  Bcim 

Level,  cc 

Trimethoxy- 

660 

16.7 

785 

0.45 

phosphine 

17.8 

805 

0.40 

660 

19.4 

820 

1.33 

Tri ethoxy- 
phosphine 

660 

18.2 

805 

0.55 

Dimethyl 

No  inhibition 

Hydrogen 

Phosphite 
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PENTABORANE  CONCENTRATION,  VOLUME  % 

Figure  3*  Suppressant  Efficiency  of  Halogen  Compounds 


%  SUPPRESSANT  LEVEL,  CC 


0.8 


PENTABORANE  CONCENTRATION.  VOUIME  % 


Figure  k.  Suppressant  Effieieney  of  Nitrogen  Cenpounds 
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50%  SUPPRESSION  LEVEL,  CC 


PENIABORANE  CONCENTRATION,  VOLUME  % 


Figure  5.  Suppreesunt  Ef^icioiey  of  Sulfur  and 
Phoaphorua  Compounds 


Figure  6  is  a  pair  of  typical  dlatrilMitiofi  diagraas  for  water  and  trichloro 
tr  1  f luoreihnne  (Freon  TF).  At  the  lower  euppreesant  levels  (e.g. , 
water  in  Fig.  6a),  nearly  all  changee  froa  poaitive  to  negative  totdc 
place  over  one  range  Inoreaent.  At  the  higher  euppreeeant  levels  (e.g., 
Freon  TF  in  Fig. 6b),  changes  in  trend  occurred  over  two  or  three  range 
increments.  In  the  aggregate,  traneitibn  regions  aaountod  to  of  the 
30^  suppressant  level,  l.e.,  the  aean  euppreesant  addition  plus  or  alnus 
12.3  percent.  Thus,  the  relative  scatter  did  not  appear  to  vary  signifi¬ 
cantly  with  suppressant  level. 

The  30^  suppressant  level  for  water  increased  approxiaately  linearly  with 
pentaborane  concentration  to  22^  pentaborane  in  the  fuel  stream.  At  the 
latter  condition,  water  was  no  longer  able  to  extinguish  the  fire;  only 
some  spurious  positive  results  were  obtained  at  levels  exceeding  2.0  cc. 
Water  appeared  to  intensify  these  fuel-rich  flaises.  Carbon  tetrachloride 
increased  linearly,  also,  although  at  a  higher  suppressant  level;  it 
broke  sharply  at  about  22^,  just  as  the  water,  and  appeared  to  intensify 
the  flame  at  the  higher  fuel  concentration.  Sulfur  tetrafluoride  had  no 
inliibiting  effect;  it  intensified  the  flame  at  all  concentrationsof 
pentaborane  and  at  all  levels  of  addition.  Freon  TF  had  sosie  inhibiting 
effect  but  broke  at  a  low  fuel  concentration.  Single  experiments  with 
broooform  and  trichloroethylene  were  comparable  with  the  results  for 
carbon  tetrachloride,  while  single  experiments  with  dichloromethane  and 
2$  iodine  in  carbon  tetrachloride  compared  best  with  water  data. 

Methyl  iodide  was  significantly  superior  to  water.  The  mean  volume  of 
suppressant  required  for  flame  extinction  was  less.  Father,  suppressant 
effects  persisted  to  the  upper  concentration  limit  of  a  detached  flame 
(about  26.3)().  Both  water  and  carbon  tetrachloride  intensified  the  penta¬ 
borane  flame  at  fuel  concentration  in  excess  of  about  22.5)(«  Thus,  methyl 
iodide  exhibited  good  volumetric  efficiency  and  an  extended  range  as  well. 
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Flguro  6a.  Diatrllmtloa  Olagraa  for  Vator 


Snpprosaaat:  Flrooii  IF 

Nitroga&t  665  aoia 

Paataborano 

Coneantratioo:  18.7  voluae  percent 

Total  Flow:  815  aeia 

1.2 

1.1  +  + 

1.0  o  +  +  o  +  + 

0.9  o  0+0  +  o  o 

0.8  o  o 

Figure  6b.  Oiatributioo  Diagraa  for  Fknon  TF 


Acetonitrile  did  not  differ  frra  water  with  respect  to  mean  suppressant 
level  or  range  of  action.  At  the  upper  liait  of  euppreseion,  water  in¬ 
tensified  the  flane.  Under  the  saae  conditions ,  the  volume  of  aceto¬ 
nitrile  required  for  extinction  exceeded  its  flaonability  limit  based  on 
annular  air  flow.  The  green  color  that  is  typical  of  boron  hydride 
combustion  was  weakened  and  replaced  by  an  annular  orange-purple  flame 
of  acetonitrile.  As  the  suppressant  concentration  diminished,  the 
pentaborane  flame  reappeared  spontaneously. 

Aqueous  acetonitrile  (20^)  and  aqueous  ammonia  (30^)  were  not  significantly 
different  from  water  or  aoptonitrile.  At  lower  fuel  concentrations, 
negative  deviations  from  the  general  trend  were  observed;  however,  the 
upper  limit  of  suppressant  action  remained  unchanged.  Both  solutions 
intensified  the  flame  at  22.3^  pentaborane.  The  data  point  for  10^ 
aqueous  ammonia  followed  another  pattern.  A  point  of  flame  intensifica¬ 
tion  was  reached  at  a  pentaborane  concentration  of  less  than  18^.  The 
results  shown  in  Fig.  4  were  accompanied  by  an  experiment  with  an  18j( 
flame  that  could  not  be  extinguished  with  over  2  cc  of  solution.  Finally, 
ethylenediamine  gave  a  point  that  fell  within  the  probable  limit  of  the 
general  curve.  I^ridine  and  propionitrile  burned,  readily  in  the  annular 
air  and  had  no  inhibiting  effect  on  the  pentaborane  flasM.  0,  jS'-oxydi- 
propionitrile  did  not  burn  and  did  not  affect  the  flame  in  any  way. 

At  low  pentaborane  concentrations,  dimethyl  sulfide  is  the  most  efficient 
of  all  suppressants  tested.  However,  it  reached  a  flasmmibility  in  the 
carrier  air  at  a  fuel  concentration  of  less  than  18^.  Diethyl  sulfide, 
carbon  disulfide,  and  thiophene  burned  readily  with  the  annular  air 
and  exhibited  no  flasie  inhibition.  Benzene  sulfonylchloride  and  2- 
bromothiophene  had  no  effect  on  the  flcuse;  this  appeared  to  be  due  to 
low  volatility  and  reduced  vaporization  rate  from  the  heated  inlet. 
Perchloromethyl  mercaptan  showed  poor  efficiency  in  one  test  with  a 
weak  flame. 
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Triaeihoxyphoaphint  waa  appraoiably  laaa  affiolant  than  water.  Tri- 
ethos^hoaphina  gave  one  point  that  waa  oonalatent  with  the  data  for 
ita  methyl  honolog.  Dimethyl  hydrogen  phoaphite  had  no  effect;  thia 
waa  attributed  to  low  volatility  (aa  in  the  oaae  of  the  aulfur  oonpounda 
noted  above). 


DISCUSSION 

The  presence  ui  riimrlne  in  a  suppressant  is  unuesirable.  Both  Freon 
TFNand  aulfur  tot.rariuoride  augmented  the  pontaborane  diffusion  flame  by 
acting  as  supplementary  oxidixera.  Although  the  former  exhibited  good 
volumetric  suppression  efficiency  at  low  pentaborane  concentrations,  it 
passed  throt*fO>  a  transition  at  a  very  low  fuel  flow  and  contributed 
markedly  1 1  the  flame.  Flame  color  comparisons  indicated  that  sulfur 
tetrafliiorxde  reacted  with  pentaborane  under  all  conditions. 

Carbon  tetrachloride  performed  less  efficiently  than  water.  Both  ceased 
to  inhibit  the  diffusion  flame  at  about  the  same  pentaborane  concentration 
at  leaner  fuel  levels,  smaller  volumes  of  water  were  required  for  extinc¬ 
tion.  Trichloroethylene  was  run  to  test  the  significance  of  a  carbon- 
to-carbon  linkage  in  the  suppressant  molecule.  It  was  thought  that  this 
factor  might  have  influenced  the  behavior  of  Freon  IF.  However, 
trichlorethylene  gave  a  point  within  the  probable  limits  of  the  carbon 
tetrachloride  data.  Conversely,  a  data  point  for  dichl or osw thane  fell 
on  the  water  curve;  i.e.,  it  was  well  below  the  carbon  tetrachloride 
curve.  In  the  case  of  hydrocarbon  fires,  the  efficiency  of  chloromethanes 
is  directly  related  to  the  nuBd}er  of  chlorine  atoms.  The  superiority  of 
dichloromethane  suggested  that  this  rule  does  not  directly  apply  to 
pentaboriuie  fires. 

In  general,  the  suppression  effect  of  halides  on  hydrocarbrai  fires  is 
enhanced  with  increasing  atomic  number.  Organic  bromides  and  mixed 
halo-compounds  containing  bromine  are  good  Iqrdrocarbon  fire  extinguishants. 
A  test  with  bromoform,  however,  had  about  the  same  result  as  carbim 
tetrachloride  on  u  pentaborane  flame.  Thus,  the  presence  of  three  bromine 
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atoms  per  suppresiant  noltoult  did  not  yitld  any  neaaurable  improvement 
in  performance.  Iodine  is  the  best  of  the  halides  with  respect  to 
hydrocarbon  combust! on,  and,  unlike  the  bromine  effect,  this  pattern 
also  appears  in  the  case  of  pentaborone.  Ae  little  as  iodine  in  carbon 
tetrachloride  yielded  a  point  that  fell  on  the  water  curve.  This  is  a 
major  improvement  in  efficiency.  Finally,  methyl  iodide  is  by  far  the 
best  of  the  additives  tested.  It  has  an  excellent  volumetric  efficiency, 
i.e.,  low  30^  suppressant  level.  Further,  it  extinguished  the  entire  range 
of  detached  flames.  There  was  no  abrupt  change  to  a  more  intense  flame 
that  was  characteristic  of  other  moderately  good  suppressants. 

The  effect  of  iodine  con  be  related  to  the  halogenation  reactions  of  boron 
hydrides.  All  of  the  latter  react  violently  with  fluorine,  while  most 
react  rapidly  with  chlorine.  Reactivity  decreases  with  increasing 
molecular  weight  of  the  hydride  and  increasing  atomic  number  of  the  halide. 
Thua  dccaborane  does  not  react  spontaneously  with  chlorine  at  room 
temperature.  Bromine  and  iodine  reactions  ore  slower  and  lead  to  stable 
intermediate  species.  The  iodide  of  diborane,  B^H^I,  is  stable  and  not 
spontaneously  reactive  in  air;  the  iodide  of  pentaborone  is  stable  and 
unreactive  as  well. 

Elemental  iodiiie  and- methyl  iodide  dissociate  readily  at  elevated 
temperatures  to  yield  iodine  atmss  and  methyl  radicals  in  the  latter 
case.  Reaction  of  methyl  radicals  is  relatively  slow,  while  it  is 
probable  that  the  suppression  action  of  iodine  is  associated  with  the 
formation  of  relatively  unreactive  halide  intermediates  by  reactions 
between  hydride  radicals  and  iodine  atosM.  The  higher  reactivity  of 
fluorine  and  chlorine  are  consistent  with  the  absence  of  effective 
inhibition  by  organic  compounds  of  these  halides.  The  poor  showing  of 
bromoform  cannot  be  explained  on  the  basis  of  the  proponed  inhibition 
scheme;  however,  the  evaluati<m  of  other  organic  bromides  may  lead  to 
a  suitable  explanation. 

Reaction  with  hydride  radicals  is  one  of  the  approaches  to  chain  breaking 
that  was  noted  in  the  general  discussion.  The  effects  of  iodine  are 
clear  evidence  of  a  chain-branching  mechanism  and  confirm  the  validity 
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of  a  purely  chenieal  approach  to  flaao  Inhibition.  Initially,  more 
success  in  dealing  with  oxygen  atone  to  prevent  branching  had  been  antici¬ 
pated;  however,  the  data  for  halide  additivee  are  noet  easily  explained 
by  the  olternate  process  of  reaction  with  hydride  radicals. 

The  observations  of  iodine  perfomance  in  the  diffusion  burner  are 
compatible  with  the  effect  of  iodine  on  the  ignition  properties  of 
pentaborane  when  it  is  present  as  a  solute  in  the  latter.  Iodine  atoms 
can  be  expected  to  inhibit  the  branching  proceee  that  probably  underlies 
pentaborane  ignition.  In  contrast,  explosion  burette  test  results  pre¬ 
sented  later  showed  that  an  aqueous  solution  of  potassium  iodide  and 
iodine  amplified  rather  than  suppressed  a  heterogeneous  pentaborane -air 
detonation.  The  observation  that  water  augments  a  pentaborane-  diffusion 
flame  under  some  circumstances  can  be  drawn  upon.  Since  water  is  the 
more  volatile  species  in  a  solution  of  iodine  in  aqueous  potassium  iodide, 
the  stimulation  of  a  responsive  reaction  is  a  probable  consequence  of 
the  presence  of  water  vapor  in  the  shock  tube  environment.  Shock  tube 
teats  of  water  as  a  liquid  suppressant  and  tests  with  a  solution  of 
iodine  in  pentaborane  would  help  to  clarify  this  issue. 

Various  amines  and  nitriles  were  tried  as  vehicles  for  oxygen  atom- 
trapping  reactions.  -  Acetonitrile  was  very  much  like  water  in  terms  of 
volumetric  efficiency.  However,  at  the  upper  limit  of  suppression  it 
reached  a  definite  flaanutbility  limit  without  the  flame  augmentation 
of  water.  The  equivalence  of  the  limiting  pentaborane  concentration 
is  highly  coincidental.  Ethylenediamine  compared  with  acetonitrile. 

Aqueous  solutions  of  ammonia  and  acetonitrile  both  augmented  the  flame 
at  their  upper  supinression  limits;  i.e. ,  they  behaved  like  water.  A 
20%  solution  of  acetonitrile  and  30%  solution  of  aqueous  ammonia  exhibit 
the  same  suppression  limit  as  plain  water.  Conversely,  a  1(^  solution 
of  annonia  produced  an  intensified  flame  at  a  very  reduced  fuel 
concentration.  Finally,  several  nitriles  and  amines  burned  readily 
exhibited  no  inhibiting  effect  whatever. 
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These  results  gave  little  promise  of  effective  suppreselon  of  penta- 
borane  combustion  by  reacting  chain-carrying  oxygen  compounds  with 
nitriles,  amines,  or  their  aqueous  solutions.  As  the  additive  concen¬ 
tration  increases  to  a  useful  level,  the  organics  enter  into  secondary 
combustion,  and  there  is  a  simple  superposition  of  competing  oxidation 
reactions.  The  aqueous  solutions  tested. generally  augment  the  penta- 
borone  flame  in  the  same  way  as  pure  water.  Trapping  oxygen  atoms  in  this 
way  appears  to  be  of  doubtful  value. 

Trimethyl  and  triethyl  phosphites  were  investigated  as  oiQrgen  atom  traps, 
also.  Both  showed  very  poor  efficiency  in  performing  this  function;  they 
were  less  efficient  suppressants  than  water.  The  possible  utility  of 
reactions  with  oxygen  atoms ,  however ,  was  successfully  demonstrated  with 
dimethyl  sulfide.  This  compotmd  exhibited  the  highest  volusMtric 
efficiencies  of  any  tested.  Diffusion  flames  of  up  to  17.3^  pentaborane 
in  the  fuel  were  suppressed  by  as  little  as  0.05~cc  dimetl^l  sulfide. 

At  this  fuel  concentration,  the  quantity  of  suppressant  required 
corresponded  to  the  flamsability  limit  in  the  annular  air.  Thus,  the 
practical  value  of  dimethyl  sulfide  is  limited.  Nonetheless,  the  results 
gave  added  support  to  a  chain-branching  mechanism  for  pentaborane  oxida¬ 
tion  and  verified  the  concept  of  inihibition  by  means  Of  trapping  the 
oxygen  atoms  that  act  as  a  chain  carrier.  Several  other  sulfur  compounds 
burned  even  more  readily  and  exhibited  no  suppressant  qualities.  The  over¬ 
all  results  of  the  diffusion  burner  studies  have  extended  the  evidence 
for  a  chain-branching  mechanism,  farther,  the  combined  evidence 
supplied  by  dimethyl  sulfide  and  methyl  iodide  strongly  suggest  that 
chemical  inhibition  can  be  achieved  by  trapping  either  the  fajrdride 
radical  or  oxygen  atom  chain  carrier  species. 
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EXPLOSION  snom 


APPARATUS  AND  RtOCEOURBS 

The  "explosion  burette"  hee  been  employed  by  the  Bureau  of  Nines  and 
others  to  obtain  a  variety  of  (teta  on^eombustlon  prooeseoe.  Measure- 
uents  include  flame  speed,  detonation  velocity,  and  flammability  limits. 
In  general,  this  apparatus  has  been  employed  on  gaseous  mixturss  of  fuel 
and  oxidizer.  Once  detonation  has  begun,  there  is  little  to  distinguish 
this  device  from  a  conventional  shook  tube.  In  fact,  the  only  real  dif> 
ferences  are  (l)  the  method  of  initiation  and  (2)  application  of  the 
former  to  phenomena  occurring  at  less  than  the  speed  of  sound. 

The  purpose  in  selecting  an  experimental  technique  other  than  the  dif¬ 
fusion  burner  vas  to  find  a  convenient  ymy  of  evaluating  the  effects  of 
candidate  additives,  dispersed  as  a  solid  or  liquid  phase,  on  the  sup¬ 
pression  of  combustion  of  fine-particle  sprays  of  pentaborane  in  air. 

An  instrumented  tube  or  burette  vas  chosen  as  the  basic  apparatus; 
heterogeneous  mixtures  vere  to  be  prepared  by  injection  of  fuel  into 
still  air  within  the  tube.  The  success  of  Webber  (Ref.  40)  and  Cramer 
(Ref.  41)  in  shock  ignition  of  heterogeneous  hydrocarbon-air  mixture 
prompted  the  selection  of  a  shock  tube  technique  of  operation,  i.e., 
preparation  of  the'  combustion  system  in  the  tube  and  ignition  vith  the 
shock  from  a  hydrogen- oi^gen  mixture  burned  in  a  short  "driver"  section. 

Webber  introduced  kerosene  into  pure  oxygen;  in  some  cases,  the  sprays 
were  ignited  vith  a  pyrotechnic  igniter  prior  to  pulsing.  He  concluded 
that  the  pyrotechnic  device  was  not  required;  a  coarse  spray  af  non¬ 
volatile  fuel  could  be  ignited  directly  by  the  pressure  wave.  Further, 
the  fuel  was  vaporized  and  burned  rapidly  enough  to  amplify  the  pnise 
as  it  passed  through  the  droplet  field.  Prevaporizaticm  or  partial  cosi- 
bustion  was  not  necessary.  Csramer  extended  this  worit  and  showed  that 
pressure  amplification  occurred  reproducibly  only  at  oxidation  ratios, 
i.e.,  actual  oxidizer  to  stoichioMtric  oxidizer  weight  ratio  of  0.2? 
to  0.33.  Near  stoichiometric  no  amplification  was  observed.  He  found 
that  pressure  ratios  and  shock  velocities  in  a  heterogeneous  field  are 
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close  to  the  thoorctioal  for  the  goo  phoio  olono.  CroMr  postulates 
that  droplets  aro  shattorsd  Mohanioally  and  burn  rapidly  In  the  high- 
pressure,  hlgh-toBperatttre  poatahook  reglM. 

The  pentaborane  shook  tuba  oonsiated  of  a  oinglo  longth  of  2-inoh, 

schedule  40,  stainlosa-ateol  plpo}  actual  longth  %«s  62-1/4  inches. 

« 

One  end  was  flanged  to  accept  the  driver  aootion  and  a  port  for  the  in¬ 
jection  of  solid  explosion  auppreaoanta.  Six  ports  for  Photocon,  type 
929  pressure  transducers  vers  located  along  the  tubs  at  intervals  to 
facilitate  monitoring  the  progress  and  strength  of  any  pressure  pulse. 
The  first  port  was  located  9  inches  from  the  driver  section  flange;  sub¬ 
sequent  ports  ware  spaced  at  12-ineh  intervals.  Transducer  ports  were 
designed  so  that  the  diaphragm  of  a  mounted  transducer  was  flush  with 
the  inner  wall  of  the  shock  tube. 

Pentaborane  was  introduced  from  three  injectors  located  at  distance  of 
6,  30,  and  94  inches  from  the  driver  section  flange.  Sprays  from  the 
first  and  last  injectors  were  directed  inward;  the  spray  from  the  cen¬ 
ter  injector,  idiich  had  twice  the  capacity  of  the  outer  injectors,  was 
split  and  injected  in  both  directions.  Two  injectors,  identical  to  the 
central  pentaborane  injector,  were  employed  for  liquid  explosion  sup¬ 
pressants.  The  suppressant  injectors  were  located  at  distances  of  18 
and  42  inches  from  the  ^iver  section  flange;  sprays  were  injected  in 
both  directions  from  each.  Figure  7  is  a  schematic  of  the  shock  tube 
arrangement;  Fig.  8  is  a  photograph  of  the  installation. 

Figure  9  is  a  drawing  of  the  injectors.  The  probe  was  l/S-inch  OD 
tubing  and  the  injection  ports  were  No.  80  drill  (0.0139>inch  diameter) 
holes  located  on  the  centerline  of  the  tubing.  Alignment  pins  were 
provided  to  ensure  that  the  injection  ports  were  always  oriented  paral¬ 
lel  to  the  axis  of  the  shock  tube.  All  injectors  had  a  cheek  valve 
arrangement;  they  could  be  loaded  with  pentaborane  in  a  glove  box  and 
transferred  to  the  shock  tube  without  leakage  or  oxidation  of  the  fuel. 

A  threaded  stop  was  used  to  control  the  ullage  of  the  injector;  it 
could  be  preset  to  the  amount  of  fuel  or  suppressant  reqaired  for  any 
particular  test.  The  signal  to  inject  was  followed  by  solenoid  valve 
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Figure  8.  Photo^pto  of  Shock  Tube  Installation 
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Figure  9.  Shock  Tube  Injector 


actuation  and  the  application  of  nitrogen  pressure,  at  750  psig,  to  an 
injection  manifold.  Fuel  and  suppressant  injection  systems  had  separate 
manifolds. 

Driving  pulses  were  generated  by  spark  Ignition  of  a  stoichiometric 
hydrugen-oxygen  mixture.  This  explosive  mixture  was  held  in  a  cup 
slightly  smaller  in  diameter  than  the  shock  tube  proper  and  1  inch  in 
length.  The  face  of  the  cup  was  covered  with  cellophane  to  retain  the 
gas  mixture  prior  to  ignition.  Hydrogen  and  oxygen  were  mixed  in  cor¬ 
rect  proportion  in  a  separate  2-quart  tank;  once  added  to  the  tank,  the 
gHHCH  were  allowed  to  mix  by  diffusion  over  a  period  of  several  days. 
Each  batch  prepared  in  this  way  was  sufficient  for  8  to  10  shock  tube 
teste.  An  annular  passage  around  the  driver  gas  cup  provided  an  inlet 
for  solid  suppressants  suspended  in  air  and  for  the  air  purge  that 
followed  each  test. 

Solid  suppressants  were  stored  and  fed  from  a  hopper  equipped  with  an 
electrical  vibrator.  Suspension  in  a  carrier  air  stream  was  accom¬ 
plished  by  means  of  a  solids  carburetor.  A  valve  placed  upstream  of 
the  carburetor  was  employed  to  pressurize  the  feed  hopper.  Actuation 
of  a  valve  placed  dowustreau  of  the  carburetor  introduced  carrier  air 
through  a  nozzle  in  the  bottom  of  the  hopper  and  gave  the  desired  as¬ 
piration  of  suppressant.  All  of  the  explosion  suppressants  tested  wert 
readily  conveyed  to  the  shock  tube  with  this  system  with  the  exception 
of  urea.  The  latter  tended  to  cake  in  the  feed  hopper.  The  addition 
of  about  one-third,  by  volume,  of  a  high- surface ,  silica-alumina  powder 
(CS-200  catalyst)  to  the  urea  overcame  this  difficulty. 

Fuel  injectors  were  filled  in  a  glove  box,  under  dry  nitrogen,  before 
installation  into  the  shock  tube.  Two  identical  sets  of  injectors  were 
available,  and  all  tests  were  carried  out  in  pairs  to  minimize  setup 
time.  Loading  suppressants  into  the  injectors  or  feed  hopper,  as  ap¬ 
propriate,  required  no  special  procedures.  The  driver  chamber  was 
purged  with  about  10  times  its  own  volnaw  of  hydrogen-oiqrgen  mixture 
to  remove  air.  Test  sequencing  was  controlled  with  an  Eagle  automatic 
timer,  and  all  pressure  transducer  outputs  were  recorded  on  magnetic 
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tape.  Since  three  of  the  eix  traneduoer  looatlone  were  need;  these  in¬ 
cluded  the  poeitione  3i  12,  and  48  inehee  fro«  the  driver  section  flange, 
respectively.  Following  each  teat  the  apparatue  was  purged  and  cleaned; 
the  cellophane  diaphraga  over  the  driver  aeotlon  wao  replaced.  All 
pentnborane  and  euppraesant  injectors  %rera  dlsaesenbled  and  cleaned;  in 
addition,  new  0-ring  seals  were  installed  for  each  toot. 

High-speed  motion  pictures  were  taken  of  injectors  in  operation  with 
water  and  acetone  as  the  teat  fluids.  The  purpose  of  these  tests  was 
to  (1)  evaluate  stream  breakup  and  droplet  distribution  and  (2)  obtain 
time  relationships  for  use  in  setting  teat  sequenoes.  It  had  been 
planned  to  load  each  injector  with  exactly  the  quantity  of  pentaborane 
to  satisfy  the  desired  oxidation  ratio;  a  dead  space  equivalent  to  1-1/2 
times  the  volume  of  the  probe  and  check  valve  cavities  and  a  relatively 
low  injection  pressure  (150  to  200  psig)  were  planned,  also.  The  motion 
pictures  showed  these  conditions  to  be  unsatisfactory;  approximately 
the  first  half  of  the  fuel  was  Injected  properly,  but  the  remainder 
dribbled  from  the  injection  probe  interspersed  with  gas  bubbles.  Higher 
driving  pressures  did  not  improve  this  situation.  Finally,  the  injectors 
were  adjusted  to  hold  a  volume  of  pentaborane  equal  to  the  volume  to  be 
used  plus  the  volume  of  the  probe  and  check  valve  cavities.  Satisfac¬ 
tory  injection  resulted.  Higher  driving  pressures  gave  better  spray 
distribution  and  smaller  droplets;  however,  the  distance  traversed  by 
the  droplets  increased.  At  an  injection  driving  pressure  of  730  psig, 
the  sprays  carried  over  2  feet.  This  pattern  appeared  acceptable^  and 
a  730-psig  injection  pressure  was  used  throughout  the  program. 

Flow  of  pentaborane  was  observed  to  comsmnee  from  70  to  80  milliseconds 
after  the  signal  to  the  pressurization  valve  to  open;  flow  was  complete 
about  130  to  150  milliseconds  after  the  valve  signal.  The  automatic 
sequencer  was  initially  set  to  spark  the  hydrogen-oxygen  driver  mixture 
250  milliseconds  after  the  signal  to  the  fuel  injection  valve.  After 
test  25,  this  delay  was  reduced  to  I50  milliseconds.  In  both  cases, 
delays  were  established  with  a  clock  lAich  later  was  discovered  to  be 
in  error.  The  150-millisecond  delay  was  checked  on  the  oscillograph 
recording  system  and  found  to  be  113  milliseconds.  Delays  reported  for 
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teat  25  •nd  all  subaequent  taata  were  detemined  In  thia  faahion.  Un¬ 
fortunately,  the  elook  error  waa  not  reproducible.  Therefore,  the 
initial  delay  of  250  ailliaeconda  could  not  be  corrected,  and  valuea  re¬ 
ported  for  teate  1  throufh  24  are  approxiawte.  In  teata  eflq>loying 
liquid  auppreaaanta,  the  auppreaeant.  waa  injected  aiaultaneoualy  with 
the  pentaborane.  In  the  oaae  of  aolid  auppreaaanta,  auppreaaant  carrier 
flow  waa  tenainated  20  to  30  ■illiaecouda  prior  to  pentaborane  injection; 
the  duration  of  auppreaaant  carrier  flow  waa  about  1  aocond. 


BESULTS 

Testa  1,  18,  lO,  and  23  eaployed  tho  driver  pulse  only.  The  driver  cup 
%As  purged  twice  as  long  prior  to  teat  1  aa  for  aubaequent  teata.  There 
%As  some  ''videtice  that  the  driver  pulae  waa  stronger  in  thia  inatance. 
Pressure  records  from  test  ?  ware  distorted  by  stray  currents  in  the 
shock  tube  apparatua.  Five  of  the  first  II  teata  were  subject  to  this 
same  difficulty;  adequate  grounding  eliaiinated  this  problea  entirely 
beginning  with  test  12.  The  results  of  testa  18,  19,  and  23  were  found 
to  be  quite  consistent.  Side-on  or  static  prsasuxes  and  transit  times 
for  the  turee  transducer  stations  were  aa  follows: 

Pressure,  psig 

Station  1  30  to  46 

Station  2  23  to  29 

Station  j  10  ic  13 

\diere  stations  1,  2,  and  3  vorre.>pond  to  the  ports  at  3,  12,  and 
48  inches  from  the  driver  section  flange,  x'eapectively. 

Employing  the  postshock  pressures  noted  in  the  preceding  paragraph, 
pulse  Mach  numbers  were  computed  from  the  normal  shock  tables  of  Bef. 

42.  The  average  Mach  numbers  for  tests  18,  19,  and  23  were  converted 
to  pulse  velocities  with  a  speed  of  sound  of  1120  ft/sec.  Arithmetic 
average  pulse  velocities  for  stations  1,  2,  and  3  were  2030,  1800,  and 
1480  ft/sec,  respectively.  A  graphical  integration  of  these  values 


Transit  Tine,  milliseconds 

0.37  to  0.39  (1  to  2) 
2.28  to  2.33  (1  to  3) 
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generated  transit  times  of  0.399  mllliseoonds  for  stations  1  and  2  and 
2.260  milliseconds  for  stations  1  and  3*  Agrosment  with  observed  transit 
times  vas  excellent. 

Sixteen  tests  were  carried  out  with  pentaborane  and  no  suppressant. 
Oxidation  ratios  of  0.23  to  1*00  «rere  employed;  subsequently!  all  sup¬ 
pressant  tests  wore  performed  at  oxidation  ratios  of  0.33  end  1.00.  In 
two  tests  (runs  26  and  27  at  an  oxidation  ratio  of  0.33  end  en  electrical 
delay  of  113  milliseconds),  more  than  five  times  the  amplification  of 
the  driver  pulse  took  place  between  the  driver  section. flange  and  the 
first  transducer  port,  i.e.,  in  3  inches.  No  growth  period,  such  as  ob¬ 
served  by  Webber  and  Cramer,  was  detected.  Slight  additional  amplifica¬ 
tion  accompanied  passage  of  the  amplified  shock  through  the  remaining 
3  feet  of  tube.  Total  transit  time  between  stations  1  and  3  vas  re¬ 
duced  from  about  2.3  milliseconds  for  the  driver  pulse  to  0.64  milli¬ 
second  for  the  amplified  pulse.  The  stoichiosMtry  of  the  heterogeneous 
combustion  field  behind  the  shock  cannot  be  described  adequately  to 
make  a  comparison  with  a  Chapman-Jouguet  detonation  wave.  Finally,  an 
attempt  to  reproduce  this  behavior  in  tests  90  and  51  was  unsuccessful. 

In  13  tests  of  pentaborane  without  suppressant,  at  all  oxidation  ratios 
and  at  electrical  delays  of  113  to  about  290  milliseconds,  the  driver 
pulse  passed  the  heterogeneous  field  without  behaving  appreciably  dif¬ 
ferently  than  in  air  alone.  Pulse  pressure  amplifications  of  10  to 
20^  was  encountered  between  stations  1  and  2;  however,  pulses  were 
attenuated,  probably  by  simple  viscous  effects,  between  stations  2  and 
3.  Total  transit  times  between  stations  1  and  3  continued  to  be  about 
2.3  milliseconds.  The  driver  section  failed  to  ignite  in  one  test. 

Expulsion  of  pentaborane  from  the  open  end  of  the  shock  tube  produced 
a  brilliant  flash  and  audible  report.  As  a  direct  consequence  of  this 
external  reaction,  a  pressure  pulse  of  variable  strength  propagated 
down  the  shock  tube  in  the  reverse  direction.  In  mont  cases,  i.e.,  10, 
this  rearward  pulse  was  amplified  into  a  stroqg  detonation  wave  before 
reaching  station  3.  However,  no  amplification  idiatever  was  observed  in 
tests  4  and  9.  In  fact,  the  unamplified  rearward  wave  was  so  weak  as 
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to  be  undetectable.  Periode  of  0.8  to  3.9  oiillieeconde  elapsed  between 
the  passage  of  the  driver  pulse  as  station  3  and  the  return  of  the  rear¬ 
ward  wave  to  the  sane  position.  All  rearward-noving  waves  were  attenuated 
in  transit  between  stations  3  and  2.  Results  of  tests  of  pentaborane 
without  suppressant  are  suunarised  in  Table  9.  Figures  10  and  11  are 
oscillograph  records  of  an  anpllfled  driver  pulse  and  anplified  rear¬ 
ward  wave,  respectively. 

Six  liquid  suppressants  were  considered  experinentally  in  a  series  of 
13  shock  tube  tests.  Results  are  sunnarised  in  Table  6.  Suppressant 
ratio  is  the  weight  ratio  of  suppressant  to  pentaborane.  At  an  oxida¬ 
tion  ratio  of  1.0,  dinethyl  sulfide,  carbon  tetrachloride,  and  aceto¬ 
nitrile  gave  no  evidence  of  driver  amplification  or  rearward  wave  propa¬ 
gation.  Only  the  simple  driver  pulse  and  minor  pressure  disturbances 
were  observed.  At  the  same  oxidation  ratio,  a  solution  of  iodine  in 
aqueous  potassium  iodide  produced  the  only  instance  of  pulse  growth  or 
slow  driver  amplification  of  the  program.  In  a  second  test  under  com¬ 
parable  conditions,  the  driver  pulse  was  fully  amplified  prior  to  reach¬ 
ing  station  1.  In  one  of  two  tests  of  triswthoxyphosphine ,  at  this 
oxidation  ratio,  a  rearward-propagating  wave  with  a  delay  of  4.2  milli¬ 
seconds  at  station  3  was  observed.  Slight  fluctuations  were  observed 
in  the  other.  Acetonitrile  was  tested  twice  at  an  oxidation  ratio  of 
0.33.  One  immediate  amplification  and  one  returning  amplification  wave, 
with  a  station  3  delay  of  0.8  milliseconds,  occurred. 

The  reactivity  of  the  pentaborane-acetonitrile  spray  mixture  in  tests 
28  and  29  prompted  a  test  of  acetonitrile  alone.  It  was  of  interest 
to  determine  idiether  any  measurable  reaction  woulu  follow  passage  of 
the  driver  pulse  through  a  field  of  acetonitrile  droplets.  Test  33  was 
run  at  an  oxidation  ratio  of  0.14,  based  on  acetonitrile;  the  actual 
volume  of  fuel  injected  was  the  same  as  that  employed  as  suppressant  in 
tests  28  and  29.  The  presence  of  acetonitrile  had  no  effect  lAatever 
on  the  driver  pulse. 


50 


MBUS  5 


SHOCK  TUBE  TESTS  OF  FBNTABQRANB  ONLY 


Hun 

intltcr 

Ignition 

De lay , 

milliHoconds 

Oxidation 

Ratio 

Delay  at 
Station  3» 
milliMcondB 

Renarka 

2.0 

0.67 

Stray  current, 
no  data 

h 

'^250 

1.00 

• 

Driver  only,  no 
rearward  wave 
amplification 

5 

- 

- 

m 

No  ignition 

9 

--250 

1.00 

** 

Driver  only, 
no  rearward 
wave  aaplifi> 
cation 

17 

-^50 

1.00 

5.5 

24 

•^50 

0.33 

4.4 

25 

-^50 

0.33 

4.3 

26 

115 

0.33 

- 

Driver  amplified 

27 

U5 

0.33 

- 

Driver  amplified 

30 

115  ■ 

0.50 

.  4.0 

31 

115 

0.50 

0.8 

48 

140 

0.25 

3.7 

49 

140 

0.25 

5.0 

50 

140 

0.33 

5.2 

51 

115 

0.33 

1.5 

TIME 


Figure  10.  Anplified  Drirer  Pulse  (Test  26) 
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TIME 


Figure  11.  Amplified  Reftn«ri  Hare  (Test  kB) 
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Four  solid  supprsssunts  vsrs  svftioaisd  in  12  shook  tubs  toots. 

Table  7  is  a  suMMiry  of  thoao  oaporioonta.  la  proliaiaary  tests /urea 
was  found  to  easily  olt^  tho  food  hopper  «id  oarburotor.  A  Mixturo  of 
urea  with  20^  C8-200,  hlfh-surfaeo,  oilieoa-aliHiiaa  powder  (by  weight) 
was  transportable  without  exeesslve  dlffioulty.  08«8(N)  is  a  petroieusi 
cracking  catalyst;  it  has  a  very  high  surface  area  and  was  used  to  study 
the  effect  of  solid  intorfaeos  ao  poaalblo  sites  for  ohaia-breaking 
reactions.  In  tho  first  full  tests  of  solid  supprossants  on  peataboraao 
sprays,  the  entire  shook  tube  filled  with  solids,  and  no  useful  data 
were  obtained. 

In  addition  to  the  urea-C8‘-200  mixture,  boric  acid,  ealeiua  carbonate, 
and  neat  CS-200  were  investigated  as  detonation  suppressants.  Bach  of 
the  four  was  run  at  an  oxidation  ratio  of  1.00.  All  gave  an  unamplified 
driver  pulse  and  very  slight  pressure  disturbances  at  this  oxidation 
ratio.  The  urea  mixture,  08-200,  and  boric  oxide  were  investigated  at 
an  oxidation  ratio  of  0.33,  also.  Test  45  vith  08-200  gave  an  unampli¬ 
fied  driver  pulse.  An  amplified  rearward  wave,  exhibiting  a  delay  of 
22  milliseconds  at  station  3,  appeared  in  the  case  of  boric  oxide. 

Test  37  vith  the  urea  mixture  gave  a  spurious  pressure  response  that 
began  at  station  3  about  30  milliseconds  after  pulse.  Pressure  rise 
was  gradual,  unlike  the  sharp  increase  observed  for  rearward  waves. 
Further r^nsit  time  tO  station  2  was  greater  than  for  the  usual  ampli¬ 
fied  rearward  wave.  It  appeared  to  be  part  of  a  growth  pattern  for  a 

returning  pulse. 


As  noted  earlier,  ilie  transit  time  for  an  onamplified  driver  pulse 
through  the  heterogeneous  pentehorane-air  field  was  equivalent  to  that 
for  the  driver  pulse  through  air  alone.  With  the  addition  of  either  a 
liquid  or  solid  suppressant  to  the  field,  driver  pulse  transit  times 
were  increased.  Both  cases  gave  an  average  time  of  passage  between 
stations  1  and  3  of  2.9  milliseconds.  Variations  around  the  average 
were  greater  for  the  liquid  ease.  Thus  ,  the  injection  of  material, 
in  addition  to  pentaborane,  directly  influenced  driver  pulse  velocity; 
the  pulse  ceased  to  behave  as  if  it  were  only  in  air. 
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SHOCK  TUBE  TESTS  VITH  SOLID  SLTITIESSANTS 


lit  0) 

•ra  TS 


ID 

o 

2  .A 

ID  iH 


e  e 

m  9i 

5  -2 

‘5  •? 

1  1 


Oi  fti 

•♦J  -*-> 

u  u 

o  e 


fa  Is* 

*M  t*. 

a  a 

e  oi  e  - 

Vt  01 

Oi  Oi  t» 

i  E.  I  S 

O'  O.  'P 


l>  ID  <1 

^*8  I 

«  0  0 

O  i  ID 
•H  M  'H 
l»%  ♦*  -H  -P 

H  ‘H  i-l 

®  Si  ^ 

Ol  ID 

B)  4»  pH  n 
fH  0  •  0» 

0  OS  h 
0«  P  tit 


ti 

In 

0  P  pH 

0 

pH 

0 

» 

0 

»  0  O 

« 

e 

« 

0 

In  e  « 

ID 

« 

0 

•IH 

0  V  - 

0 

u 


^  i:  ^ 


i-H  W  >"  In 

e  ^  XI  ^ 

«  0  W  ► 
pH  ‘H  ‘H 
O  0»  pH  U 

se  p  w  A 


o  o  o  o 

o  o  o  o 

Cl  Cl  Cl  Cl 

I  I  I  I  p  p 

(/i  Ui  Vi  Ui 

U  O  O  O  O  « 


0  0  0  0  ’H  'pl 

«  0  «  «  h  ^ 

Jh  In  In  P  e  O 

;3  A  :=)  n  n 


o  o 
o  o 

Cl  Cl 

cA  cA 
1:^  w 


3  O 

-H  O 
U  Cl 
^  I 
0  CO 

o  w 


o  o  o 
o  o  o 


o  rs 
o  r\ 


O  KS 

o  rs 


pH  O  pH 


o  o  o  o  o  o 

^  ^  ^  ^  ^  •4' 


o  o 

^  4" 


O  O 

HP  ^ 


^  ITS  vp  op  Ox 
PS  Kx  rx  rx 


56 


DISCUSSION 


The  co^uition  of  pontaborano  aprays  in  tho  preoenco  of  a  traveling  vave 
has  been  shown  to  bo  a  ooaplox  proooao.  Shook  wave  ignition  is  a  func¬ 
tion  of  oxidation  ratio,  shook  proportioa,  and  delay  between  injection 
and  ignition.  Tho  marked  effect  of  oaUdation  ratio  waa  anticipated  on 
the  basis  of  previous,  heterogeneous,  shook  thbe  studies.  However,  the 
difficulty  in  initiating  a  detonation  process  in  pentaborane  droplets 
suspended  in  still  air  was  not  expected.  A  forward-moving  driver  pulse 
was  amplified  significantly  in  only  two  eases.  In  general,  the  driver 
pulse  passed  through  the  heterogeneous  field  without  stimulating  more 
than  minor  pressure  disturbances.  It  is  surprising  that  pentaborane 
in  air  is  more  difficult  to  initiate  to  detonation  than  kerosene  in  oxygen. 
This  latter  follows  from  cosqtarison  with  the  work  of  Webber  and  CrasMr 
whose  equipment  and  initiation  techniques  were  very  similar  to  those  re¬ 
ported  herein. 

It  is  likely  that  the  droplet  breakup  process  hsrpothesised  by  Cramer 
takes  place  as  the  driver  pulse  moves  down  the  shock  tube.  The  result 
is  a  field  of  both  macro-  and  micro-droplets  of  fuel  at  slightly  elevated 
pressure  and  teaq>erature.  This  picture  of  the  field  helps  to  explain 
the  amplification  of  rearward  waves.  Reaction  of  pentaborane  ejected 
from  the  open  end  of  the  shock  tube  produeas  a  pressure  pulse  of  vari¬ 
able  strength.  A  portion  of  this  pulse  enters  the  shock  tube  and 
propagates  in  the  reverse  direction.  As  a  consequence  of  the  droplet 
shattering  that  has  been  assvaied,  a  rearward  wave  is  capable  of  initiat¬ 
ing  a  stronger  reaction  than  the  original  driver  pulse.  The  rearward 
wave  was  highly  amplified  in  all  tests  in  which  it  could  be  detected 
at  all.  Thus,  the  returning  pulse  is  capable  of  growth  to  a  detonation 
wave  as  it  traverses  the  tube. 

In  two  of  three  tests  with  pentaborane  at  an  oxidation  ratio  of  1.00 
and  delay  of  about  250  milliseconds,  no  rearward  wave  was  observed.  A 
third  t«;st  produced  an  amplified  rearward  wave;  the  deligr  in  reappear¬ 
ance  at  station  3,  i.e.,  5.3  milliseconds,  was  the  longest  of  any 
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encountered  with  only  pontnbornnt  prooont.  At  lovtr  oxidation  ratios, 
either  an  aaplifiod  driver  puloo  or  an  aaplifiod  rearward  wave  was  the 
result.  The  laok  of  reproduoibillty  under  duplieate  teet  conditions 
was  greater  than  the  effect  of  delay  tiae  or  oxidation  ratio  at  these 
lover  ratios.  Rapid  driver  aaplifloation  ooourred  in  two  tests  at  an 
oxidation  ratio  of  0.33,  yet  this  result  wes  not  achieved  in  test  31. 
Rearward  waves  with  delays  of  1.3  to  3>2  Billiseconds  were  noted  at  this 
ratio. 

The  major  influence  of  oxidation  ratio  is  apparent.  Other  variations 
are  the  probable  consequence  of  conditions  at  the  ends  of  the  shock  tube. 
Driver  explosive-nixture  coaposition,  spark  charaoteri sties,  and  cello¬ 
phane  closure  properties  are  variables.  Also,  the  location  and  rate  of 
the  combustion  of  expelled  pentaborane  will  influence  the  initial  mag¬ 
nitude  and  growth  rate  of  rearward  waves. 

At  an  oxidation  ratio  of  1.00,  dimethyl  sulfide,  acetonitrile,  and  carbon 
tetrachloride  maintained  an  unamplified  driver  pulse  when  introduced 
simultaneously  with  the  pentaborane.  At  the  higher  of  two  injection 
densities,  trimethoi^hosphine  generated  a  strong  rearward  wave.  The 
lower  injection  density  gave  a  n^ative  response.  Two  tests  with  iodine 
in  aqueous  potassium  iodide  as  the  suppressant  gave  striking  positive 
results.  In  the  light  of  the  tests  without  suppressant,  at  the  same 
pentaborane  oxidation  ratio,  negative  results  can  generally  be  discounted. 
Amplified  driver  pulses  and  rearward  waves  are  not  to  be  expected  with 
any  great  frequency.  Thus,  stq>pressant  qualities  for  the  first  group 
of  three  agents  noted  above  cannot  be  claimed  with  assurance.  The  re¬ 
sult  with  trimethoxyphosphine  mnst  be  viewed  as  marginal,  while  the  iodine 
solution  evidently  acts  as  a  sensitizer  rather  than  a  suppressant.  This 
is  an  unexpected  result;  the  increased  ignition  tesqieratnres  of  iodine 
solutions  in  pentaborane,  as  discussed  in  an  earlier  section,  suggest 
the  opposite  effect. 
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At  an  oxidation  ratio  of  0.33  and  a  dolay  of  113  ■illioeconda,  acetoni¬ 
trile  gave  an  amplified  driver  pulee  and  an  amplified  rearward  wave  with 
a  very  short  delay  in  two  teete  at  different  euppreeaant  ratios.  To 
determine  idiether  the  acetonitrile  itself  wae  detonating  in  response  to 
the  driver  pulse,  a  tent  of  acetonitrile  at  the  earns  injection  density 
and  without  pentaboranu  wae  carried  out.  There  %«s  no  response  but  the 
normal,  unamplified  driver  pulse.  Aoetonitrile  is  not  a  suppressant 
under  shock  tube  conditions;  it  actually  appears  to  further  amplify  the 
response  of  pentaborane  alone.  Thus,  aoetonitrile  and  iodine  in  aqueous 
potassium  iodide  have  an  adverse  effect  on  the  response  of  pentaborane 
sprays  to  shock  initiation.  The  effects  of  the  other  liquid  additives 
considered  cannot  be  defined  with  confidence,  since  results  fell  within 
limits  of  experimental  variation. 

The  case  for  the  solid-phase  additives  is  more  promising.  All  solid 
suppressant  tests  were  performed  with  an  electrical  delay  of  140  milli¬ 
seconds.  No  driver  pulse  amplification  and  no  detectable  rearward  waves 
were  observed  with  the  urea  mixture,  boric  acid,  calcium  carbonate,  or 
CS-200  in  a  pentaborane  droplet  field  at  an  oxidation  ratio  of  1.00. 

This  result  parallels  the  findings  with  liquid  suppressants  and,  rela¬ 
tive  to  tests  with  pentaborane  alone,  is  equally  inconclusive.  However, 
shock  tube  behavior  at  an  oxidation  ratio  of  0.33  is  suggestive.  Both 
the  urea  mixture  and  boric  acid  permitted  the  growth  of  rearward  waves 
but,  in  both  cases,  delays  measured  at  station  3  were  quite  long  (22 
and  30  milliseconds).  Asqilified  rearward  waves  were  not  sharp  as  in 
previous  cases.  Finally,  no  positive  reaction  at  all  was  encountered 
in  the  presence  of  CS-200.  The  long  delay  periods  in  the  first  cases 
are  well  beyond  the  limits  of  the  tests  with  pentaborane  alone.  These 
solids  therefore  are  contributing  moderately  to  the  suppression  of 
detonation.  On  the  other  hand,  CS-200  was  wholly  effective  in  prevent¬ 
ing  a  positive  response  and  is  classed  as  an  excellent  suppressant. 

The  moderate  efficiency  of  boric  acid  may  serve  to  explain  the  attenu¬ 
ation  of  amplified  rearward  waves  as  th^  pass  from  station  3  to  stations 
1  and  2.  The  mild  conditions  produced  by  the  driver  pulse  induce  some 
coBd>ustion  and  formation  of  the  related  product  specie,  boric  oxide. 
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As  the  rearvard  vave  propagataa  back  down  th#  ohook  tube,  it  passea  into 
material  that  haa  had  loagor  and  longor  ptrioda  in  which  to  react.  Aa 
a  conaequcnce,  the  concentration  of  aolid  eoifbttition  product  oontinuoualy 
increaaea.  Either  aurfaoe  effeota  or  apeoifie  third-body  offeota  of  boric 
oxide  or  boric  acid  are  poaaible  neana  of  aupproaoion  and  rearward  wave 
attentuation. 

The  CS-200,  ailloa-aluaina  powder  haa  an  order  of  Mgnitndo  greater  aur- 
face  area  than  the  other  aolida  tooted.  Bilioa-alnnina  nay  have  a 
specific  inhibiting  effect  on  the  pontaborano  eeriiuotion  prooeaa.  How¬ 
ever,  with  its  great  aurfaee  area,  it  nay  perfom  aa  a  anppreaaant  by 
simply  providing  an  abundance  of  aitea  for  roeoiblnation  and  chain¬ 
breaking  reactions.  Data  are  not  auffioient  to  indicate  which  of  these 
two  possible  roles  is  correct.  In  brief,  the  suppressant  qualities  of 
three  aolid  substances  have  been  demonstrated.  The  boat  of  the  three, 
a  high-surface,  silica-alumina  powder,  was  capable  of  hindering  wave 
amplification  completely. 
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DECONTAMINATION  STUDIES 


APPAltATUS  AND  niOCESURE 

The  reaction  veasel  for  dooontaoilnatlon  otudloa  ima  a  900-ailliliter. 
tvo-nocked,  pyrex  flaak.  Each  nook  waa  fittad  vith  a  atopoock  to  pro¬ 
vide  closure  for  the  vaaaol  during  loading  and  aanpling.  Deoontraiinant 
solutions  vere  introduced  through  one  of  the  atopoooki  from  a  200-nilli- 
liter  pyrex  flask,  in  the  manner  of  a  dropping  funnel.,  Deoontaminant 
feed  flosks  were  presauriaed  alightly  to  give  amooth,  rapid  tranafer. 

Gas  generated  by  decontamination  react iona  waa  removed  through  the 
second  of  the  stopcocks  and  passed  to  a  conventional  vet-test  meter. 

Gas  evolution  was  expected  to  provide  the  agitation  necessary  for  nixing 
of  pent&borane  and  decontaminant  solution.  However,  the  results  of  the 
first  five  tests  indicated  that  this  was  not  the  case.  Subsequently, 
mechanical  agitation  was  applied  vith  a  Teflon-coated  bar  magnet  placed 
in  the  reaction  flask  and  rotated  by  means  of  a  second,  external  bar 
magnet. 

The  decontamination  reaction  flask  was  immersed  in  a  con8tant-teBq>erature 
bath.  At  superambient  temperatures,  bath  teBq>erature  was  controlled 
solely  with  electrical  heaters.  Under  sidiambient  conditions,  an  excess 
of  chilled  trichloroethylene  prepared  in  a  commercial  refrigeration 
unit  was  circulated  through  a  coil  of  copper  tubing  in  the  bath;  teBq>er- 
ature  control  was  achieved  vith  the  electrical  heaters  in  this  case, 
also.  In  most  tests,  temperature  stayed  within  1  F  of  the  set  point. 

A  measured  volume  of  pentaborane  (2  or  4  milliliters) was  injected  into 
the  reaction  flask,  under  a  pure  nitrogen  atmosphere,  in  a  glove  box. 
Stopcocks  were  closed,  and  the  flask  was  removed  from  the  glove  box  to 
the  constant-temperature  bath.  The  exhaust  line  to  the  wet-test  meter 
was  purged  with  nitrogen  and  connected  to  the  exhaust  cock  of  the  flask. 

A  200-milliliter  flask  containing  decontaminant  solution,  pressurized 
to  about  10  psig  vith  nitrogen,  was  attached  to  the  second  cock.  In 
turn,  the  exhaust  cock  and  the  decontaminant  inlet  were  opened  to  begin 
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the  teat.  In  the  flret  13  teite,  duraiionn  wtr*  Halted  to  about  1  day; 
the  volume  of  evolved  gae  vaa  observed  after  1  hour,  4  hours,  and  at 
the  end  of  the  test.  Later  testa  were  run  until  the  evolution  of  gae 
had  ceased,  for  all  praotloal  purposes. 

In  most  cases,  teraination  of  a  test  was  followed  by  the  addition  of 
33^  hydrochloric  aold  in  the  saae  way  as  the  addition  of  deeontaainant 
solution.  Acid  was  added  in  saall,  equal  portions  until  4he  evolution 
of  gas  was  complete;  the  total  inoreaent  of  evolved  gae  was  aeasured 
with  the  vet-test  aster.  The  intent  was  to  add  suffleiont  acid  to 
ensure  complete  hydrolysis  of  any  hydride  remaining  in  aolution.  Tests 
12  and  14  were  an  exception;  einoe  very  little  reaction  was  noted  on 
the  fir'jt  addition  of  acid,  no  additional  portions  appeared  neoeseary, 
and  a  strongly  acid  condition  was  not  achieved. 


RESULTS 

The  total  evolution  of  gas  expected  from  these  tests  was  based  upon  the 
ultimate,  strongly  acid  state.  Over-all  reactions  describing  the  hy¬ 
drolysis  or  alcoholysis  of  pentaborane,  in  the  presence  of  strong  acid, 
can  be  written,  as  follows: 


"2®^ - 

—►5  +  12  Hg 

(22) 

B-H-  +  15  CH-OH — 

—►5  (CH^O)^  B  +  12  Hg 

(23) 

Thus,  12  moles  of  hydrogen  gas  are  predicted  for  every  mole  of  penta¬ 
borane  oxidized  in  this  way.  In  all  but  one  test,  2  milliliters  or 
1.24  grams  of  pentaborane  were  loaded  in  the  reaction  flask.  This  quan¬ 
tity  of  liquid  sample  corresponds  to  0.0193  ga-aole  of  pentaborane,  or 
by  reaction  22  or  23,  to  0.232  gm-aole  or  Iqrdrogen.  Thus,  a  theoretical 
gas  evolution  of  0.187  cu  ft  hydrogen  (O  C  and  1  ata)  can  be  calculated. 
Converting  to  average  asibient  coi^itions  at  the  laboratory  site  yields 
a  total  expected  evolution  of  0.208  cn  ft  Igrdrogen  (l6  C  and  0.95  ata). 
The  vapor  pressure  of  water  at  l6  C  is  approxisuitely  13  am  ^g.  If 
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saturation  is  asstiaed,  the  rounded^  theoretical  gas  evolution  is  0.21 
cu  ft  per  2-ailliliter  saaple.  The  voluae  of  evolved  gas  indicated  on 
vet-test  neter  was  divided  by  this  quantity  (except  run  2?)  to  obtain 
the  fraction  of  theoretical  hydrogen  for  the  particular  observation. 

The  compositions  of  decontaainant  solutions  are  sunaMrised  in  Table  8; 
the  results,  arranged  in  chronological  order,  are  suanariBed  in  Table  9> 
Measured  gas  volumes  are  reported  in  Table  9  as  percentages  of  theoreti¬ 
cal  hydrogen. 

As  noted  above,  aechanical  agitation  vas  not  applied  in  tests  1  through 
5.  The  inconsistencies  in  the  results  of  tests  2  through  5  led  iaaedi- 
ately  to  the  conclusion  that  reliance  on  agitation  by  evolved  gas  vas 
inadequate.  Coaaencing  vith  test  6,  mechanical  agitation  vas  employed. 
The  erratic  result  of  test  6  vas  subsequently  attributed  to  a  leaking 
stopcock  vfaich  permitted  the  escape  of  hydrogen  gas.  In  brief,  no  real 
value  can  be  placed  on  the  observations  from  the  initial  six  testa. 

Acidification  of  the  reaction  residue  vas  incomplete  in  tests  12  and  14. 
The  addition  of  more  acid  to  an  aliquot  of  the  residue  from  test  14 
yielded  an  additional  1?^  of  the  theoretical  hydrogen.  Mass  spectro- 
metric  analysis  confirmed  that  gas  evolved  in  the  laboratory  vas  pure 
hydrogen.  As  a  check  on  a  strongly  acidified  'residue,  additional  acid 
vas  added  to  an  aliquot  from  the  residue  of  test  15;  no  further  hydrogen 
vas  evolved.  Similar  laboratory  experiments  vere  performed  on  the 
residues  from  tests  l6  and  17,  neither  of  vfaich  had  been  acidified  prior 
to  sampling.  The  relatively  neutral  residue  from  test  l6  evolved  no 
gas  vhen  acidified  in  the  laboratoiy,  vfaile  the  alkaline  residue  from 
test  17  yielded  of  the  theoretical  hydrogen  iq>on  the  addition  of 
sufficient  hydrochloric  acid  to  produce  a  strongly  acid  condition. 

Ihese  results  emphasize  the  importance  of  pH  in  the  oxidative  destruction 
of  pentaborane  by  hydrolysis  or  alcoholysis. 
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TABLE  8 


I 


COMFOSinON  OF  DKONTANIMATZQN  80LUTION8 


Nuabtr 

1 

la 

2 

3 

3a 

3b 

3c 

3d 

4 

5 

5a 

6 

7 

8 

9 

10 

11 

12 

13 


Co^oiition.  Wight  paraaat 

AHMBia,  3*0{  Aquat,  0.1;  Vatar 
Aannla,  3>0:  Vatar 

Anoniua  ohlorldai  20.0;  Aquat;  O.i;  Vatar 
Nathanol,  20.0;  Aquat,  0.1;  Vatar 
Mathanol,  20.0;  Vatar 
Mathanol,  16.4;  Aquat,  0.1;  Vatar 
Mathauol,  16.4;  Vatar 

Solutiou  No.  3u  aeidlfiad  vlth  10|(  bQrdroehlorie  acid 

Mathauol,  20.0;  Aaaouia,  3*0;  Vatar 

Dioxaua,  10.0;  Vatar 

Diozaae,  20.0;  Vatar 

Methanol 

Vatar 

laopropanol,  73>2;  BEexylaaina,  24.8 
Ethylene  glycol,  78.9;  Ethylene  diaaine,  21.1 
Ethylene  glycol,  15.8;  Ethylene  diaaine,  4.2;  Voter 
Dioxane,  10.0;  Sodina  Bfdroxide,  2.0;  Voter 
Methanol,  20.0;  Sodiim  %droxide,  2.0;  Voter 
Sodiaa  H]rdroxide,  2.0;  Voter 


NOTE:  Aquet  is  a  25^f  nonionic  aolntion  of 
an  allQrlarylpolyathyleneglycol  aailceted  hy 
the  Manostat  Corporation 
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TiBLE  9 


Ti 


RESULTS  OF  DEC 

’  DECONTAMZNAIIQN 


Ron 

Nunbsr 

Dscoataniniiiit 

Solution 

Wfifbt  of 
DtoontMlnaai, 
grmu 

Wolfhi  of 
POBtoborMlOf 
grma 

Both 

Toaporotoro, 

F 

Rob 

Dorotloii, 

hoars 

of 

Oao  Erolution, 
of  Total  Hydros 

1  Roar 

iL 

1 

50 

1.84 

75 

84 

18 

4  Hours 

3b 

48 

1.84 

80 

84 

.. 

84 

m 

n 

3c 

48 

1.84 

88 

27 

6 

H 

■■ 

-36 

3o 

48 

1.24 

88 

3 

16 

5 

3c 

48 

1.84 

38 

»» 

1 

— 

6 

3c 

96 

1.84 

67  to  85 

81 

14 

-- 

6 

1 

100 

1.24 

80 

22 

15 

14 

— 

8 

78 

1.24 

83 

1 

29 

20 

la 

100 

1.24 

83 

22 

19 

— 

-- 

10 

7 

100 

1.24 

83 

71 

26 

24 

11 

5 

100 

1.24 

84 

23 

25 

34 

12 

9 

107 

1.24 

84 

22 

26 

32 

-- 

15 

2 

100 

1.24 

84 

23 

— 

36 

-- 

14 

10 

106 

1.24 

80 

99 

14 

32 

— 

— 

38 

15 

7 

100 

1.24 

80 

120 

— 

16 

3a 

100 

1.24 

80 

72 

27 

25 

32 

17 

la 

100 

1.24 

80 

71 

11 

34 

41 

18 

la 

100 

1.24 

40 

140 

— 

19 

-- 

19 

3a 

100 

1.24 

40 

69 

— 

21 

30 

20 

100 

1.24 

40 

<1 

~ 

43 

54 

^Acid  plus  13-Bdlliliter  dioxane 
*^Acid  plus  diozaas 


Ti 

TABLE  9 

JLTS  OF  DEC 

'  DECCSTTAMINATION  TESTS 


.  u  ^ 

Uf  — 

oi 

Gai  Evolution, 
of  Total  {lydroaon 

%  Oao  Evolvod 
fron 

Aeidifloation 

RoBMrks 

1  Hoar 

II 

Total  Oas  Bvolvod, 

%  of  Total  Hydrogon 

18 

■ 

4  Houro 

24  Hours 

Total 

24 

31 

31 

No  atlrrlni 

27 

6 

16 

16 

No  stlrrlnc 

-36 

— 

-36 

No  stirring t  stopooek  failed  after 

16 

4  hours 

1 

— 

— 

19 

No  stirring 

14 

— 

6 

— 

No  stirring 

15 

14 

— 

14 

No  stirring:  leakage  after  1  hour 

29 

20 

— 

22 

19 

— 

29 

31 

60 

26 

24 

— 

27 

25 

34 

— 

52 

2* 

54 

26 

32 

— 

39 

0 

39 

36 

— 

43 

3 

46 

Inco^^lete  acidification 

14 

32 

— 

42 

0 

42 

— 

38 

54 

4 

58 

Incooplete  acidification;  17%  aore 

gas  in  laboratory 

27 

25 

32 

48 

2^ 

50 

No  gas  evolntion  in  laboratory 

11 

34 

41 

50 

No  gas  evolution  in  laboratory 

••• 

19 

— 

29 

33^  nore  gas  in  laboratory 

21 

30 

33 

••• 

43 

54 

57 

— 

— 

— 

Very  rapid  reaction 
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TABT,K  <. 

TABLE  9 

(Contlna<  . 

i^ostinntd) 


iHH 

)(  Om  Evolrod 
froB 

Aeidlfieatioa 

Total  Oaa  SrelTodf 
^  of  Total  Hjrdrogoa 

Roaarka 

B 

24  Houra 

Total 

WKBM 

55 

67 

57 

61 

61 

0 

61 

24 

— 

29 

52 

81 

53 

61 

61 

1 

62 

55 

62 

63 

1 

1 

\ 

29 

30 

52 

82 

j  55 

60 

61 

0 

61 

1  19 

39 

48 

50 

98 

i  63 

66 

66 

1 

67 

1 

41 

54 

44 

98 

1 

1 _ 

35 

44 

50 

94 

Gaa  Ero 


57 

24 
53 
55 

55 
19 
63 

25 


t 
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The  gas  evolved  when  35^<  hydrochloric  acid  wae  added  to  aixtures  of 
pentaborane  and  decontaalnant  aolntlon  la  noted  In  coltan  11  of  Table  9. 
In  nost  cases,  acid  was  added  after  Initial  gas  evolution  eesentially 
had  stopped.  Reactions  were  quite  violent  and  oonplete  within  1  hour. 

The  time  to  complete  gas  evolution  was  reduced  when  the  initial  portion 
of  acid  was  sufficient  to  produce  an  over-all  acid  condition. 

Total  gas  evolution!,  with  and/or  wiihout  additional  hydrochloric  acid, 
are  reported  in  columna  10  and  12  of  Table  9>  In  moat  cases,  these 
totals  are  well  below  100^.  One  of  the  major  factors  contributing  to 
reduced  gas  evolution  was  the  volatility  and  continuing  vaporisation  of 
pentaborane.  The  latter  wds  present,  frequently,  as  an  iaaiscible  liquid 
phase  and  could  exert  its  full  vapor  pressure  as  a  conaequonce.  Penta¬ 
borane  has  vapor  pressures  of  80  to  223  ■■  Rig,  respectively,  at  40  and 
80  F.  Where  gas  evolution  was  slow  and  vapor-liquid  equilibrium  might 
have  been  approached,  as  much  as  30jt  of  the  gas  leaving  the  reaction 
flask  could  have  been  pentaborane.  This  condition  was  limited  by  (l) 
complexing,  appreciably  reducing  the  equilibritas  va|>or  pressure,  as 
well  as  (2)  the  relatively  slow  approach  of  liquid  systems  to  vapor- 
liquid  equilibrium.  Vaporization  of  pentaborane  from  the  hot  mixture 
remaining  after  a  fire  is,  of  course,  undesirable.  Therefore,  the 
apparent  loss  of  boron  hydride  is  a  significant  factor  in  the  evaluation 
of  a  decontaminating  agent. 

The  results  of  tests  with  aqueous  aamwnia  are  plotted  in  Pig.  12;  the 
decontaminant  solution  nuaibered  la  in  Table  8  and  noted  as  a  cross  in 
the  figure  is  the  sMterial  employed  by  several  agencies  as  a  decontamin¬ 
ating  wash.  Initially,  relatively  rapid  gas  evolution  was  observed  for 
all  five  tests;  1-hour  yields  varied  from  11  to  19jf  of  theoretical. 

After  1  hour  the  rate  decreased  sharply.  Gas  evolution  was  coq>lete, 
for  all  practical  purposes,  after  24  hours;  an  observation  made  after 
140  hours  showed  little  change.  All  mixtures  approached  a  limiting  gas 
evolution  amounting  to  about  one-third  of  the  theoretical  Iqrdrogen. 
Temperature  and  detergent  content  had  no  significant  influence  on  the 
results.  Total  gas  yields  of  62  and  82}(,  following  final  acidification, 
were  obtained  in  tests  17  and  26,  respectively.  The  higher  yield  at 
the  lower  temperature,  i.e.,  40  F  in  test  26,  was  consistent  with  the 
loss  of  pentaborane  through  vaporization. 
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In  the  case  of  aqueous  ■ethanol,  initial  rates  of  gae  evolution  were 
higher  and  reoained  higher  through  the  first  4  hours  (refer  to  Fig.  13). 
Here,  also,  there  was  little  evidence  of  gas  evolution  after  the  first 
hours.  Tests  at  40  P  reached  a  total  gas  voluse  corresponding  to  60% 
of  the  theoretical  hydrogen)  the  presence  of  detergent  had  no  effect  on 
the  result.  At  80  F,  the  rate  of  evolution  was  loss,  and  the  final 
volume  was  closer  to  of  the  theoretical.  The  addition  of  acid  at 
the  conclusions  of  teats  I6,  22,  24,  and  27  yielded  no  further  gas. 

Thus,  all  pentaborane  had  been  destroyed  or  lost  through  vaporisation. 

At  the  higher  test  teaperature,  the  loss  of  pentaborane  by  vaporisation 
was  greater  and  led  to  saaller  total  gas  evolution.  Fven  at  40  F,  about 
40^  of  the  initial  charge  was  dissipated  through  vaporisation. 

Decontaminant  solution  4  was  prepared  with  the  saae  aethanol  concentra¬ 
tion  as  employed  in  the  aqueous  methanol  deeontaminant  solutions  3>  3a, 
and  3d;  in  addition,  it  had  asssonia  in  concentration  equal  to  decontam¬ 
inants  1  and  la.  Solution  4  behaved  exactly  as  an  aqueous  asssonia  solu¬ 
tion;  note  corrf^spondence  between  tests  23  and  26.  About  of  the 
theoretical  hydrogen  was  observed  during  the  test,  while  the  total  gas 
evolved  reached  81^  after  acidification.  Thus,  vaporisation  losses 
were  less  than  20^.  Cosqplex  foxvation  makes  a  far  greater  contribution 
than  alcoholysis  in  alkaline  solution;  it  appears  that  methanol  has  a 
negligible  effect  when  in  the  presence  of  ammonia.  Pure  swthanol  re¬ 
acted  violently  with  pentaboxmne  in  test  20;  several  joints  were  opened 
by  the  pressure  in  the  reaction  flask,  and  no  useful  measure  of  evolved 
gas  volume  was  possible. 

Pure  water  was  comparable  to  aqueous  methanol  in  most  respects.  The 
average  gas  volume  at  80  F  was  50%  of  theoretical;  acidification  gave 
no  further  gas.  At  40  F,  the  volume  of  gas  generated  reached  67%. 
Greater  gas  evolution  at  the  lower  temperature  again  isqilies  a  smaller 
loss  of  pentaborane  by  vaporization.  The  major  difference  between 
water  and  aqueous  methanol  was  the  greater  rate  at  which  gas  was  evolved 
in  the  presence  of  20^  methanol. 
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A  solution  of  10^  dioxane  in  water,  at  80  P,  wae  significantly  poorer 
than  either  water  or  aqueous  aethanol.  Only  of  the  theoretical  hy¬ 
drogen  was  observed;  further,  the  apparent  vaporisation  loss  was  the 
largest  of  any  test.  A  similar  experiment  with  a  20^  ammonium  chloride 
solution  was  equally  poor.  However,  a  solution  of  20^  dloxano  in  water, 
at  40  F,  was  as  effective  as  water  or  aqueous  methanol  in  the  destruction 
of  pentaborane  and  prevention  of  vaporisation  losses  when  compared  under 
the  same  conditions. 

The  results  for  decontaminant  solutions  8,  9i  and  10  were  inconclusive. 
However,  the  observations  on  dilute  sodium  hydroxide  and  solutions  of 
dioxnne  (ll)  and  methanol  (12)  in  dilute  sodium  hydroxide  were  unique. 

The  initial  rate  of  decomposition  of  pentaborane  in  these  solutions 
was  the  least  of  any  of  the  decontaminants  tested.  In  all  cases,  the 
rate  increased  during  the  first  day;  gas  evolutions  reached  about  40^ 
at  the  end  of  24  hours.  Within  4  days,  gas  volumes  equivalent  to  30^ 
of  the  theoretical  hydrogen  had  been  collected.  Of  greatest  significance, 
however,  was  the  collection  of  nearly  lOOji  of  the  theoretical  quantity 
of  gas  upon  final  acidification  of  these  mixtures.  Although  decomposi¬ 
tion  of  pentaborane  in  the  first  few  days  exceeded  that  for  the  alkaline 
decontaminants  containing  asoonia,  solutions  11,  12,  and  13  hindered 
vaporization  quantitatively.  This  effect  is  attributed  to  solnibility 
effects  and/or  the  formation  of  nonvolatile  complexes  that  hydrolyze 
at  some  finite  rate  under  alkaline  conditions. 


DISCUSSION 

The  action  of  the  decontaminant  solutions  studied  during  this  series 
of  tests  can  be  separated  into  several  rather  distinct  categories. 
Practical  application  of  decontaminants  will  rest  upon  the  particular 
action  that  is  desired  in  the  light  of  immediate  field  or  laboratory 
conditions.  One  class  of  decontaainants  is  that  which  destroys  penta¬ 
borane  quantitatively  and  very  rapidly,  without  appreciable  vaporiza¬ 
tion  of  boron  hydride.  Methanol,  i.e.,  solution  6,  is  representative 
of  this  class.  The  rapid  destruction  of  pentaborane  is,  of  course. 
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accompanied  l»y  hydrogen  evolution  at  on  equal  rate.  Where  the  pentaborane 
is  present  In  substantial  quantity,  this  Method  of  treatment  vould  be 
undesirable  os  It  creates  a  fire  and/or  explosion  haaard.  However, 
this  method  does  appear  to  be  suited  to  the  elimination  of  toxicity 
hazard  in  association  with  only  small  quantities  of  pentaborane. 

A  related  class  of  decontaminants  inoludee  those  that  destroy  penta¬ 
borane  at  a  somewhat  slower  rate.  Neutral  or  acid  solutions  of  methanol 
or  dioxane  in  water  (solutions  3  and  5a)  and  pure  water  (solution  7) 
destroyed  pentaborane  over  a  period  of  4  to  24  hours.  Pentaborane 
exerts  an  appreciable  vapor  preaeure  in  mixture  with  these  solutions { 
therefore,  vaporization  continues  until  the  former  is  eliminated  entirely. 
Although  hydrogen  evolution  is  slowed,  a  toxicity  hazard  persists  until 
destruction  of  pentaborane  is  cosq>lete.  It  is  noteworthy  that  the  effect 
of  20^,  by  weight,  methanol  or  dioxane  is  not  especially  large.  The 
superiority  of  the  organic  solutions  relative  to  pure  water  was  modest 
and  probably  of  the  same  order  of  magnitude  as  the  experimental  error. 

Alkaline  solutions  of  methanol  aikl  dioxane  in  dilute  soditmi  Iqrdroxide 
or  aqueous  ammonia  are  indistinguishable  from  the  basic  alkaline  solu¬ 
tions.  The  alkaline  solutions  studied  during  this  program  can  be  divided 
into  two  classes;  a  group  based  on  sodium  hydroxide  and  a  group  based 
on  amnrania.  Dilute  sodium  hydroxide  or  solutions  of  methanol  or  dioxane 
in  dilute  sodium  hydroxide;  i.e.,  solutions  11,  12,  and  13  appeared  to 
solubilize  and/or  complex  pentaborane  readily.  This  effect  was  suffic¬ 
iently  rapid  to  prevent  loss  of  boron  hydride  through  vaporization. 
Oxidation  of  pentaborane  in  these  solutions  continued,  but  at  a  very 
reduced  rate;  thus,  pentaborane  persists  in  these  solutions  in  a  semi¬ 
stable  form.  Rates  of  hydrogen  evolution  appear  to  be  tolerable  for 
the  majority  of  possible  application.  The  addition  of  sufficient  acid 
to  neutralize  these  solutions  frees  pentaborane,  increasiim;  the  rate 
of  oxidation  and  permitting  some  vapor  loss  as  well.  It  oust  be  em¬ 
phasized  that  the  addition  of  oxidizing  organics  to  dilute  sodium 
l^roxide  has  a  negligible  effect. 
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Water  and  neutral  or  acid  solutioni  of  organics  will  be  of  maximum 
value  where  rapid,  but  controllod,  aliminatlon  of  pentaborane  is  desired. 
Both  hydrogen  and  pmtaborane  vapor  art  prosonti  therefore,  these  de> 
contaminants  would  require  adequate  ventilation.  The  use  of  alcohol  or 
dioxane  is  of  limited  value  in  20^  concentration.  However,  higher  con¬ 
centrations  that  do  not  exceed  the  flominbility  limit  of  the  organic 
solution  per  se  are  probably  worthy  of  oonoidoration  for  some  applica¬ 
tions  in  which  the  speed  of  pentaborane  destruction  is  critical. 

Dilute  sodium  hydroxide  solutions  are  applicable  to  situations  in  which 
the  fire  and  toxicity  hasards  of  l^rogen  and  pentaborane  vapor  are  not 
tolerable  and  speed  is  not  critical.  The  concept  of  seeondaxy  treatment 
applies  to  this  class  of  deconiominant,  also.  If  the  mixture  of  penta¬ 
borane  and  decontaminant  solution  is  transferred  from  the  treatment  site 
to  a  suitable  collecting  sump,  ditch,  etc.,  a  secondary  treatment  with 
acid  can  be  employed  safely  to  speed  oxidation  of  the  borane. 

The  complexing  action  of  amoMnia  and  organic  amines  on  the  boron  h3rdrides 
is  well  known.  Experiments  with  aqueous  osssonia  solutions  (l  and  la) 
indicated  that  this  effect  is  not  as  efficient  as  was  expected.  Very 
stable,  water-soluble  complexes  are  formed;  however,  these  reactions 
are  slow,  as  indicated  by  the  evolution  of  about  of  the  theoretical 
hydrogen  and  vaporization  losses,  asmunting  to  approxisutely  20J(.  The 
advantage  of  this  class  of  decontaminants  lies  in  the  stability  of  the 
resulting  complexes,  which  can  be  retained  for  long  periods  without 
serious  hazard  and  disposed  of  when  convenient.  Secondary  treatment 
with  acid  is  a  satisfactory  method  of  destruction.  The  disadvantage  of 
anmonia  solutions  arises  from  the  evolution  of  moderate  amounts  of  hydro¬ 
gen  and  borane  vapor  that  accompoiQr  their  application.  In  general, 
this  class  of  decontominont  solutions  appears  applicable  to  the  same 
situations  as  the  dilute  sodiimi  hydroxide  solutions.  Fhrther,  the  use 
of  organic  additives  is  equally  unnecessary. 
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CONCLUSIONS  AND  RECOltfEMDATIONS 


T':  hn»  been  concluiively  shovn  that  pantahorana-alr  flraa  can  ba  auppreBaad 
by  chemical  means.  The  draiMtlo  effect  of  methyl  iodide  and,  to  a  lesser 
extent,  dimethyl  sulfide  in  putting  out  the  flame  in  the  diffuoion  burner 
strongly  indicates  that  a  practical  chemical  extinguiahant  for  pentaborane 
fires  exists.  Additional  inristigations,  both  in  a  diffusion  burner  and 
on  pool  fires,  will  be  required  to  develop  the  optimum  extinguishant. 

Primary  candidates  for  investigation  are  organic  iodides,  bromides,  and 
solutions  of  iodine  in  organic  carriers,  especially  halogenated  compounds. 
Studies  with  organic  sulfides  and  polysulfides  would  also  be  desirable 
(at  least  from  a  scientific  standpoint,  if  not  from  a  practical  standpoint). 

The  marked  differences  in  effeotiveness  of  different  compounds  strongly 
supports  a  chain-branching  mechanism  for  the  combustion  of  pentaborane 
in  air.  If  combustion  were  propagated  by  a  purely  thermal  mechanism, 
any  inhibition  vould  be  the  result  of  dilation  since  latent  heat  effecte 
were  essentially  removed  by  prevaporization  of  the  suppressant.  In  this 
ca?e,  the  inhibition  should  be  proportional  only  to  the  mole  concentra- 
tijn  of  the  diluent.  It  is  hypothesized  that  the  iodine  atom  from  methyl 
Lc-dide  reacts  vith  borane  radicals  to  form  a  relatively  stable  entity, 
thereby  breaking  the  chain  reaction.  The  CH^S  radical  from  dimetlqrl 
sulfide,  on  the  other  hand,  probably  breaks  the  chain  by  reacting  vith 
oxygen  atoms. 

Because  of  the  complexity  of  the  results  obtained  in  the  explosion 
burette,  definite  conclusions  cannot  be  dravn  about  most  of  the  materials 
tested.  No  suppressant  action  could  be  attributed  to  any  of  the  liquids 
tested i  however,  an  aqueous  solution  of  iodine  and  potassium  iodide 
definitely  enhanced  the  propagation  of  pentaborane-air  explosions.  This 
was  attributed  to  the  presence  of  water,  which  smsked  any  inhibition 
caused  by  the  iodine.  It  appeared  that  acetonitrile  sught  also  act  as 
a  weak  sensitizer. 
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A  hifeli-9urface-area,  aillea-aluaina  povdar  definitely  acted  as  a  suppres¬ 
sant  for  the  pentaborane-air  detonation.  This  effect  vaa  attributed  to 
the  high  surface  area  and  thus  was  sore  physical  than  chemical  in  nature. 
Results  with  the  other  solid  suppressants  tested  were  inconclusive. 

It  is  felt  that,  in  spite  of  the  limited  results  obtained,  the  heterogen¬ 
eous  shock  tube  is  a  valuable  tool  for  the  investigation  of  explosion 
suppression  by  chemical  techniques.  The  first  step  in  any  further  work 
would  be  the  thorough  investigation  of  the  reaction  of  heterogeneous 
pentaborane-air  mixtures  to  shook  ignition.  This  would  provide  a  much 
firmer  basis  for  the  selection  of  conditions  and  interpretation  of  re¬ 
sults  in  a  test  program  designed  to  evaluate  candidate  explosion  supres- 
sants.  The  effects  of  water  and  the  compounds  which  gave  promising  results 
in  the  diffusion  burner  could  then  be  investigated.  In  the  case  of  solids, 
the  effects  of  surface  area  and  chemical  composition  could  be  profitably 
investigated. 

The  vide  range  of  results  from  the  pentaborane  decontamination  studies 
suggests  the  important  possibility  of  "tailoring"  a  decontamination 
solution  to  meet  the  conditions  and  limitations  of  a  specific  situation. 
Decontamination  solutions  which  produce  results  ranging  from  immediate 
destruction  of  the  pentaborane  to  retention  of  the  pentaborane  in 
solution  with  very  little  decosqrasition  were  tested.  Ihrther  investiga¬ 
tion  would  be  required  for  optimization  of  decontasdnation  solutions. 
However,  the  present  wozic  provides  guidelines  for  the  selection  of  de¬ 
contamination  solutions  for  imaediate  use  and  further  study. 
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